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Bacteriophages are viruses that infect bacteria but they can also be used for 
typing of bacteria based on the bacteria’s susceptibility and resistance profiles. 
Typing of bacteria is very important for epidemiological and clinical uses and it 
helps determine whether a strain is particularly virulent or related to other cases 
i.e. part of an outbreak. To understand bacterial virulence and outbreaks better 
we need to understand the molecular mechanisms of phage typing to determine 
why we see certain phage types more commonly or associated with more serious 
outbreaks than others. This study has focused on the phage typing scheme of Shiga 
Toxin producing Escherichia coli (STEC) O157, a cause of severe gastrointestinal 
symptoms. This phage typing scheme has been used in the UK to type STEC O157 
for the last 25 years. 
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This thesis details the use of whole genome sequencing to understand the genetic 
basis for the phage susceptibility and resistance observed in the phage typing 
scheme. The main findings are the identification of several different genetic 
factors that influence phage type.  
The typing phages were classified into 4 groups based on their genetic similarity 
that correlated well with their infectivity. This has helped in the subsequent 
analysis of resistance and susceptibility of the host. Initial analysis showed that 
phage type was often determined by the accessory genome and that short read 
sequencing was insufficient to resolve this. The use of long read sequencing 
revealed that single genetic events such as acquisition of a plasmid or 
bacteriophage can change phage type. Transposon directed insertion site 
sequencing was used as a genome wide mutagenesis approach that showed that 
phage infectivity was controlled by a number of different genetic mechanisms 
including the stringent starvation protein A and the Sap operon but that the 
interaction of the genetic components involved was complex. This study has 
shown that, although complex, genetic determinants for PT can be mined from 
the genome and allow us to understand the evolution of this zoonotic pathogen 




Shiga toxin producing Escherichia coli (STEC) O157 causes severe gastrointestinal 
disease and haemolytic uremic syndrome, and has a major impact on public health 
worldwide with regular outbreaks and sporadic infection. Phage typing, i.e. the 
susceptibility of STEC O157 strains to a bank of 16 bacteriophages, has been used 
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in the UK to differentiate STEC O157 for the past 25 years and the phage type (PT) 
can be an epidemiological marker of strains associated with severe disease or 
associated with cases that occur from foreign travel. However, little is known 
about the molecular interactions between the typing phages (TP) and STEC O157. 
The aims of this thesis were to use whole genome sequencing to elucidate the 
genetic basis for phage typing of STEC O157 and through this understand genetic 
differences between strains relevant to disease severity and epidemiology.  
Results 
Sequencing the STEC O157 TPs revealed that they were clustered into 4 groups 
based on sequence similarity that corresponded with their infectivity. Long read 
sequencing revealed microevolutionary events occuring in STEC O157 genomes 
over a short time period (approximately 1 year), evidenced by the loss and gain of 
prophage regions and plasmids. An IncHI2 plasmid was found responsible for a 
change in Phage Type (PT) from PT8 to PT54 during two related outbreaks at the 
same restaurant. These changes resulted in a strain (PT54) that was fitter under 
certain growth conditions and associated with a much larger outbreak (140 as 
opposed to 4 cases).  TraDIS (Transposon directed Insertion site sequencing) was 
used to identify 114 genes associated with phage sensitivity and 44 genes involved 
in phage resistance, emphasising the complex nature of identifying specific 
genetic markers of phage susceptibility or resistance.  Further work is required to 
prove their phage-related functions but several are likely to encode novel phage 
receptors.  Deletion of a Stx2a prophage from a PT21/28 strain led to a strain that 
typed as PT32, supporting the concept that the highly pathogenic PT21/28 lineage 
I strains emerged from Stx2c+ PT32 strains in the last two decades by acquisition 




This body of work has highlighted the complexity of bacteriophage interaction and 
investigated the genetic basis for susceptibility and resistance in E. coli. The 
grouping of the TPs showed that resistance or susceptibility to all members of a 
typing group was likely to be caused by one mechanism. IncHI2 was identified as 
one of the markers for the PT54 phenotype. The Stx2a prophage region was 
associated with the switch from PT32 to PT21/28, although PT32 strains 
containing both Stx2a and Stx2c-encoding prophages have been isolated and can 
provide insights into phage variation underpinning the susceptibility to the 
relevant typing phages. The TraDIS results indicated that susceptibility or 
resistance was governed by multiple genetic factors and not controlled by a single 
gene.  The significance of LPS for initial protection from phage adsorption was 
evident and a number of novel genes controlling phage susceptibility and 
resistance identified including the Sap operon and stringent starvation protein A 
respectively. While SNP-based typing provides an excellent indication of the 
evolution and relatedness of strains, phage typing can provide real insights into 
short term evolution of the bacteria as PTs can be altered by mobile elements 
such as prophages and plasmids. This study has shown that, although complex, 
genetic determinants for PT can be mined from the genome and allow us to 
understand the evolution of this zoonotic pathogen between host species and 





















1.1 Escherichia coli 
 
The bacterial species Escherichia coli is one of the most versatile, widely 
exploited by humans and commonly found on the planet. Humans are colonised 
with E. coli on the day of their birth and coexist in a synergistic relationship. Most 
strains of E. coli are harmless to humans and may even play a synergistic role [1]. 
However, it has often been observed that bacteria can move from commensal to 
opportunistic to pathogenic through the steady acquisition of virulence factors and 
there are types of E. coli that can be pathogenic to humans. These include 
Extraintestinal Pathogenic E. coli (ExPEC) that can cause sepsis, UTI, abscesses 
and meningitis, and a wide variety of diarrheagenic E. coli (DEC). The types of 
DEC are known as enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), 
enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), diffusely adherent 
E. coli (DEAC) and enterohaemorrhagic E. coli (EHEC) [2].  
Enterohaemorrhagic E. coli are a subset of Shiga toxin producing E. coli (STEC) 
with Shiga toxins encoded on lambdoid bacteriophages integrated into the 
bacterial genome. Any E. coli isolate encoding a Shiga toxin (Stx) variant can be 
termed an STEC, while classical EHEC strains were originally defined as STEC that 
encode a type III secretion system (specifically the Locus of Enterocyte 
Effacement (LEE)) and are associated with human disease, typically bloody 
diarrhoea.  The prophage encoded stxAB operon is associated with the host 
expression of Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2) subtypes. STEC O157 is 
the most prevalent serogroup responsible for causing gastrointestinal disease in 
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the UK.  Of the DECs, STEC has the most severe impact on public health in the UK 
causing severe bloody diarrhoea and haemolytic uraemic syndrome (HUS) in 5-10% 
of cases. The main reservoir of STEC O157 are ruminants[3] so contaminated 
meat, vegetables or water and contact with cattle, sheep or goats or their 
environments are often associated with outbreaks. Person-to-person transmission 
also occurs in closed environments, such as nurseries and households. The 
infectious dose for STEC O157 is considered low at <100 cells of bacteria [4], 
making it a highly dangerous pathogen. 
1.2 Evolution and genome arrangement of STEC O157 
 
Originally it was proposed that the evolutionary steps of the acquisition of the 
Shiga toxins were firstly Shiga toxin 2 (Stx2) and then Shiga toxin 1 (Stx1),followed 
by loss of the ability to ferment sorbitol in an ancestoral strain related to E. coli 
O55:H7 [5] . Feng et al delineated the population structure of STEC O157 into 
three lineages I, I/II and II. These lineages have also been found in the 
phylogenetic analysis of the UK strains ([6]) but the Dallman study performed a 
timed phylogeny that revealed that the ancestor was a stx2c+ E. coli O55 that lost 
the ability to ferment sorbitol followed by multiple acquisitions of stx1 (fig. 1.1). 
Figure 1.1 shows the evolutionary model proposed by Dallman et al based on a 
timed phylogeny of over 1000 genomes. Not only were they able to observe the 
gain of new Shiga phages but also the loss and replacement of the stx2c phage in 




Figure 1.1 Evolutionary model of STEC stx phage gain taken from Dallman et al. 
2015 [6]. Revealing the step wise acquisition of stx phage in multiple acquisitions 
and in multiple lineages as well as the loss of the ability to ferment sorbitol from 
an STEC O55 ancestor. 
 
An exemplar strain (termed the Sakai strain) associated with an outbreak of STEC 
O157 in Japan was sequenced in 2001 and revealed that STEC O157 has a 5.5mb 
genome, with 5361 protein coding regions and 50.5% GC content (fig. 1.2). The 
STEC O157 chromosome is 1.4mb larger than K-12 MG1655 and there is 4.1mb 
conserved between them. The Sakai chromosome revealed 18 prophage 
regions,was the first evidence of the high rate of phage lysogeny within the STEC 




Figure 1.2 Genomic arrangement of STEC O157 taken from [7]. The	outermost	circle	
indicates	the	chromosomal	location	in	base	pairs	(each	tick	is	100Kb). The second and the 
third show predicted ORFs transcribed in the clockwise and anticlockwise 
directions, respectively. ORFs conserved in E.coli K-12 (MG1655) are depicted 
in green  and those not present in K-12 in red. The fourth circle shows the 
locations of ORFs on prophage genomes in grey . The fifth shows the 20Kb window-
average of G+C percent in relation to the mean value of the chromosome. The 
locations of tRNA and rRNA (blue) genes are shown in the sixth and seventh 
circles, respectively. tRNAs conserved in K-12 are depicted in green, and those 
absent in K-12 are in red.  
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1.2 Pathogenicity factors of STEC O157 
 
Stx2 has 55-60% identity in DNA to Stx1 so is immunologically distinct. There are 
several subtypes of stx2, with Stx2a and/or Stx2c most commonly found in STEC 
O157.  There a four subtypes of stx1 (a-d) and seven subtypes of stx2 (a-g). In a 
study of 349 strains of STEC O157 in England 236 had multiple copies of different 
Stx subtypes with 33 of these being variants between the subtype alleles and 21 
with identical subtype copies [8]. The subtypes are generally differentiated by 
PCR [9]. Strains that have Stx2a are significantly associated with the causation of 
bloody diarrhoea and HUS [8]. In humans Stx bind to glycosphingolipid 
globotriaosylceramide (Gb3/CD77), a cell-surface receptor, are internalised by 
clathrin-dependent endocytosis and depurinate 28S eukaryotic rRNA resulting in 
inhibition of protein synthesis; eventually leading to cytokine release and 
apoptotic cell death [10]. Gb3 receptors are found in high abundance on the 
surface of endothelial cells within that line the vasculature of the kidneys, heart 
and brain, and this is one reason for the association of STEC with kidney failure 
(HUS), heart disorders and neurological disorders [11]. Cattle endothelial cells 
lack Gb3 receptors so are not susceptible to the same pathological consequences 
of Stx exposure as observed in humans [12]. Shiga-toxigenic bacteriophage have 
have the ability to lysogenise a wide range of E. coli and Shigella and therefore 
carry the potential to transfer the stx gene in clinical and agricultural 
environments resulting in widespread dissemination [13].   
As well as the Shiga toxins, STEC O157 has other genetic elements that are 
important for their pathogenicity. The locus of enterocyte effacement (LEE) 
encodes a type III secretion systems (T3SS) responsible for bacterial attachment to 
the intestinal epithelium and destruction of the microvilli brush border in the 
20	
	
human gut surrounding the point of attachment. A site of bacterial attachment is 
created by rearrangement of actin filaments within host enterocytes and 
sometimes results in the formation of an actin-dense pedestal. This process is 
driven by a cascade of effector proteins translocated into the host cell [14, 15] by 
the T3SS. EHEC and EPEC produce a secretion needle extension known as a 
translocon which is composed of EspA [16] and this links through to a pore formed 
in the host cell membrane composed of EspD and EspB[17].  There are over 40 
different secreted effector proteins exported by STEC O157 strains.  One of the 
first to be characterised was the translocated intimin receptor - Tir [18] which 
was shown to act as a receptor for the bacterial outer membrane protein, intimin.  
Their interaction triggers a signalling cascade that leads to cytoskeleton 
rearrangements resulting in intimate attachment.   
Stx2a and Stx2c have been shown to repress T3S and stx2a is most commonly 
found in the strains associated with supershedding from cattle. The repression of 
T3S is achieved by repression of Ler induction of LEE1, it is thought that this 
repression has evolved to ensure that the phages have control of this critical 
colonization factor to induce co-dependence on them for colonisation [19]. 
Regulators that control the GAD acid stress response also indirectly control T3S, 
they are encoded on prophages and usurp the conserved GAD acid stess resistance 
system to regulate T3S by increasing the expression of GadE (YhiE) and YhiF 
following attachment to bovine epithelial cells [20]. The LEE is also known to be 
regulated by bacterial nucleoid associated proteins (NAPs) [21] with the histone-
like nucleoid structuring protein (H-NS) repressing the LEE under non-inducing 
conditions such as low temperature.  




STEC O157 symptoms can range from mild gastroenteritis to severe bloody 
diarrhoea and HUS and thrombotic thrombocytopenic purpura (TTP). The very 
young, elderly and immune-compromised are at particular risk of HUS and TTP 
[22]. During a recent Public Health England (PHE) study incidence was found to be 
1.8 per 100000 person-years with up to 34.3% of cases being hospitalised [23]. The 
Gastrointestinal Bacterial Reference Unit at PHE receives approximately 1000 
STEC O157 samples per year. Outbreaks are often linked with food poisoning, i.e. 
restaurant or food supply associated, or the farming environment. STEC O157 can 
pose a large threat to public health and a recent outbreak in the UK in 2009 
resulted in 93 cases of infection and ~22% developing HUS[24]. 
The source-sink model is used to describe the STEC O157 transmission route, with 
humans being the sink (generally no further progression in terms of survival of the 
organism) and ruminants being the source[10]. In the source, the microbe 
colonises the rectum of cattle and is shed. Cattle can sometimes be categorized as 
‘supershedders’ and can shed up to 10⁷ STEC O157 per gram of faeces[25]. These 
‘supershedders’ have usually been colonized at a lymphoid follicle-dense mucosal 
region at a short distance proximal to the recto-anal junction [26, 27]. In the sink, 
human infections usually result in 5-10% of patients developing HUS (varying 
significantly with age, sex and stx subtype), commonly 3-8 days after the onset of 
infection [23, 28].  
Incidence of STEC is higher in children aged 1-4 (7.63 per 100000 person-years), 
females and white ethnic groups with progression to HUS most frequent in females 
and children [23]. It was also found that incidence of STEC was four times higher 
in people living in rural areas than urban ones due to exposure to livestock and 
the risk associated with that for sporadic STEC infection [23]. STEC infection can 
result in secondary transmission in certain settings such as schools or nurseries 
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[29]. School outbreaks account for a fifth of all the STEC cases reported in England 
and Wales annually [30]. An enhanced understanding of the pathogen and why it is 
associated with certain risk factors could improve mitigation strategies to prevent 
outbreaks. 
1.4 Sequencing technologies and the use of bioinformatics in epidemiology 
and public health 
 
DNA sequencing was first described by Sanger in 1977 [31] and has developed 
rapidly in recent years with the introduction of next-generation sequencing 
technologies. This began with the introduction of high-throughput sequencing-by-
synthesis technology developed by 454 Life Sciences in 2005 [32]. Whole genome 
sequencing for the public health surveillance, detection and investigation of 
outbreaks of the major foodborne bacterial pathogens has been adopted by PHE 
[33-35]. The technology that has become the main workhorse for routine 
sequencing both for Eukaryotic and Prokaryotic use is the Illumina platform. These 
technologies provide short read sequencing to high depth and this data can be 
used to infer gene presence or absence, Multi Locus Sequence Typing (MLST), 
species identification and phylogenetic typing [36]. Phylogenetic typing allows 
isolates to be clustered based on relatedness in the core (shared) genome by the 
number of single nucleotide polymorphisms (SNPs) that they share. Hierarchical 
clustering of SNPs has proved very useful in outbreak investigations and it has 
been shown that isolates of STEC O157 with <5 SNPs between them are likely to be 
epidemiologically linked [37]. 
More recently there has been a focus on the development and improvements of 
long-read sequencing as it is highly useful for assembling complex genomes with 
highly repetitive elements like prophages. Technologies such as PacBio and MinION 
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have led the long-read sequencing market. PacBio so far has provided the more 
accurate and reliable data with several genomes being finished into single 
contiguous sequences [38]. However MinION provides an advantage over PacBio 
technology with its portability. The MinION is a palm-sized nanopore sequencing 
device that has already proved its applicability in its use during a high profile 
outbreak in the field setting [39].  
1.5 Detection and typing 
 
Unlike ~90% of E. coli in the human gut, STEC O157 are resistant to cefixime and 
tellurite and do not ferment sorbitol so can be identified by culturing faecal 
specimens on selective indicator media, such as cefixime tellurite sorbitol 
MacConkey, on which colourless (translucent) colonies grow following overnight 
incubation at 37oC.  Identification can be confirmed by agglutinating the colonies 
with specific antiserum.  Strains have historically been differentiated by phage 
typing or pulsed-field gel electrophoresis and multilocus variable number tandem 
repeat analysis [40]. In 2015, whole genome sequencing(WGS) and SNP-based 
typing was implemented at PHE.  WGS provides an indication of evolutionary 
associations and is based on DNA sequences, WGS data is also used to mine for 
genotyping data such as serotype, MLST, kmer based identification and virulence 
genes [37]. 
Phage-typing has been used to categorize E. coli outbreaks and sporadic cases but 
little is known about the molecular basis for the interaction between typing 
phages and the bacterial phage types (PT).  There are differences in the 
epidemiology and virulence associated with specific phage types and 
understanding the genetic differences between PTs could define determinants 
required for the  occupation of specific environmental niches and disease severity. 
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In the past, epidemiologists have used PT in their case definition for outbreaks, 
for example, during a recent school outbreak of PT32 STEC O157 in Staffordshire 
[29]. However, PT provides low level strain discrimination.  In a recent study 
evaluating the use of WGS data [33] an outbreak of PT2 STEC O157 associated with 
watercress consumption was ultimately found to be two separate but concurrent 
outbreaks associated with different sources of contamination of the watercress. In 
certain cases PT can confound epidemiological investigations that may link 
unrelated cases because they share the same PT.  
1.6 Phage typing scheme of STEC O157 
Phage-typing of STEC O157 is a scheme based on the use of 16 bacteriophages that 
produce a phage infection profile for a strain scored on the level of lysis achieved 
by each phage [41]. Certain PTs are more likely to be associated with human 
infection and so far there is little understanding of the basis for this. Further 
insight into relevant strain differences can be gained by sequencing different 
bacterial phage types and by sequencing the typing phages themselves and 
defining the basis of their infection selectivity.  
Phage-typing has been used for decades as a definitive phenotypic method for 
epidemiological typing. From the 1920s to the 1970s, phage typing schemes for a 
range of bacteria were devised as another form of typing to discriminate and 
provide a further level of discrimination to enhance serotyping. As well as the 
STEC O157 phage typing scheme, there are known phage typing schemes for 
Salmonella enterica serovar Enteritidis, Salmonella typhimurium, Vibrio cholerae, 
Staphylococcus aureus, Campylobacter, Clostridium difficile, Corynebacterium 
and many more. Recently Mycobacterium tuberculosis phage typing was replaced 
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by whole genome sequencing [42]. However some phage typing schemes are still 
used widely [43, 44]. 
 
The 16 phages in the STEC phage-typing scheme are made up of 14 T4 phages (fig. 
1.3) and 2 T7 phages (fig. 1.4).  An example of a T7 phage has been sequenced 
previously and T7 are known to consist of a single ‘chromosome’ carrying about 30 
genes [45].  The 5’ end genes of the chromosome are expressed at an early stage 
of infection and their products are involved in the induction of host RNA 
polymerase for transcription and control the expression of other phage genes in a 
positive feedback mechanism. Genes that are expressed later are involved in the 
metabolism of phage DNA and code for capsid proteins or are involved in the 
assembly of infective progeny particles [45].  T4 phages have much larger 
genomes with 300 putative genes, only 62 of these have been found to be 
‘essential’ under laboratory conditions [46].  The order of expression works in a 




Figure 1.3 Schematic diagram of a T4 bacteriophage showing the Icosahedral (20 
sided) head containing the DNA, the tail fibers used to recognise the host and 
anchor the phage, the Baseplate which is the site of adherence to the bacterial 
cell and the tail which is used to insert the DNA into the cell. Figure credit to Petr 




Figure 1.4 Schematic diagram of a T7 bacteriophage showing the outer shell or 
head containing the DNA, the tail which is characteristically much shorter than 
that seen on T4, the host recognition and anchoring tail fibers and the connector 
and tapered internal cylinder which are used to insert the DNA. The phage gene 
proteins that encode these elements are listed underneath each [47]. 
Little is known about the molecular basis for the interaction between phages and 
strains of different PT, however we can interrogate the phage infection profile of 
who-infects-whom as a bipartite (two-mode) network. Two common methods for 
analysing community structure in bipartite data are nestedness and modularity. 
Nestedness is a way of measuring the ranges of both host resistance and phage 
infectivity across a specialist to generalist gradient. Specialists are assumed to 
have strategies that are subsets of those which are more generalised. Modularity is 
the degree to which a network can be split into distinct modular groupings of 
phage and bacteria such that there are more infections within rather than 




1.7 Epidemiology and link to PT 
 
Sixty-one percent of recently reported (PHE in-house data) STEC O157 cases are 
PT8 or PT21/28 so these PTs may be more prevalent in animals or may be more 
likely to be associated with more severe disease. PT8 is the PT most commonly 
associated with foreign travel and PT21/28 is more commonly associated with 
domestic cases. There is generally more diversity among foreign travel associated 
cases than domestic cases indicating that there are a few dominant clones 
circulating in the UK and more diversity sampled in the rest of the world. Other 
common PTs in the UK are 2, 4 and 32.  
Historically PT2 was more dominant than PT21/28 in the UK but there has been a 
shift in prevalence over time [49]. PT2 accounted for 45.5% of cases in 1994 but 
declined to just 16% in 2002 and 3.4% in 2012 (fig. 1.5). Conversely, PT21/28 
accounted for 9% in 1994, 33.1% in 2002 and 29.6% in 2012. PT8 has also increased 
in occurrence from 1994 to 2012. Examples of differences in dominant PTs could 
be the result of clone evolution and the change in its susceptibility/resistance to 
the typing phages or could be an example of a new strain replacing the dominant 
one. With regards to the replacement of PT21/28 with PT2, it has been shown that 




Figure 1.5 Proportion of cases of the predominant phage types in England and 
Wales, and Scotland over the last 20 years. 
	
Figure 1.6 illustrates that genetically related clades of STEC strains are often 
dominated by a single PT but will include closely related strains that have evolved 
to become different PTs through an unknown mechanism. This can be observed in 
the PT21/28 clade with sporadic incidences of PT32, PT33 and PT4 occurring 
within it. This is also seen, although less commonly, in the large PT8 clade with a 
few incidences of PT 31, PT 54, PT 14 and PT 1. This is evidence for the transient 
nature of some phage resistance/susceptibility and the likelihood of PT being 
linked to mobile elements such as plasmids or prophages.  However it is also clear 
from figure 1.6 that PT can be conserved for 1000s of generations of STEC and 






Figure 1.6 Maximum likelihood phylogenetic tree of 544 representative cases of 






1.8 Bacteriophage infection and prophages 
 
Bacteriophages are viruses that infect bacteria and can cause bacterial lysis and 
cell death. There are a range of phages that infect E. coli and can enter a lytic or 
lysogenic phase after infection. During the lytic phase the phage causes cell lysis 
whereas during the lysogenic phase the phage becomes integrated into the host 
genome as a prophage. The prophage elements are often very important as they 
can encode key virulence factors so may provide a pathoadaptation to the strain. 
The first step in bacteriophage infection is attachment to cell surface receptors 
and phages of Gram-negative bacteria use a variety of cell-associated structures 
including pili, flagella, outer membrane proteins (Omp) or lipopolysaccharides 
(LPS) [50] to achieve this. Once the bacteriophage has attached to the bacterial 
cell it can inject its DNA into the cell through its tail. Bacteriophage also require 
host target genes and host encoded proteins for their replication; T7 
bacteriophage is known to require host-encoded thioredoxin in E. coli for use as a 
subunit of its DNA polymerase [51]. Phages often have genetic switches that 
determine infection outcome and whether the lytic or lysogenic phase is entered. 
The switches contain three key genes: an integrase, a repressor and cro [52]. 
Phages can use insertion sites which are recognised by integrases, enzymes that 
mediate unidirectional site-specific recombination between two defined DNA 
sequences which also usually requires a bacterially-encoded integration host 
factor.  Λ bacteriophage insertion requires attP which several integrase molecules 
bind to and that complex binds attB [53]. Commonly, phage are observed to have 
inserted into tRNA genes but this may be because these are the strains that have 
survived an insertion and tRNA insertion sites are the most evolutionarily fit.  This 
may be because tRNA sites are often redundant in the genome so the cost of 
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integration is low. T4 phage have endonuclease VII that supports robust DNA 
packaging by cleaving Holliday structures twice and DNA ligase seals the breaks to 
restore the original sequence to produce genetically sensible products to be 
packaged into phage heads [54]. T4 initiates replicaton from specialized structures 
on its genome called RNA-DNA hybrids at replication origins and the annealed RNA 
serves as a primer for leading-strand synthesis in one direction [55]. 
STEC O157 has a significant prophage content and the Sakai reference strain is 
known to contain 18 prophages and many have deletions and/or insertions in 
regions considered to be essential for phage reproduction. These are likely to be 
defective but can recombine and be induced to produce recombinant phages that 
may have a completely new set of features [56, 57]. Latent phage can be induced 
from their host bacterium by exposure to ultraviolet light and will subsequently 
lyse the bacterium and be produced from the cell [58]. Prophage regions of Sakai 
were shown to be inducible through Mitomycin C treatment in which prophages 
are de-repressed by a RecA-mediated mechanism to enter the lytic pathway [57].  
Nonhomologous recombination can occur through the acquisition of ‘morons’ 
(units of more DNA), usually with a different G+C content and therefore indicating 
recent entry to the genome [59]. The shiga toxin genes are examples of morons as 
they are only expressed through transcription from a phage promoter during lytic 
growth after the prophage has been induced [60]. Very recent work on Stx phage 
type and Stx2 production levels has shown that stx2a can be further subtyped 
according to their replication proteins and certain subtypes of stx2a were shown 
to produce higher levels of shiga toxin than others [61]. This work further 
highlights the role of prophage variation in determining the production level of 




1.9 Bacteriophage lysis mechanisms 
 
It is known that bacteriophage lysis happens when phage-encoded lysozymes, a 
cell-wall destroying enzyme, accumulate during late protein synthesis. Lysozyme 
enzymes are synthesized when the coat proteins appear and result in the rupture 
of the cell wall. However, for the scheduling of lysis in T4 and T7 the 
accumulation of lysozyme is irrelevant [62]. Most phage genes that cause lysis 
have evolved to terminate the vegetative cycle by lysing the cell at precisely the 
right time. If lysis is caused too early then the progeny have not assembled, timing 
mechanisms operate both at the level of translation and at the level of protein 
function. This will make the gene(s) essential for plaque formation but not 
essential for accumulation of infective phage.  
For T4 bacteriophage there are two described lysis mechanisms; lysis from within 
(LI) and lysis from without (LO). LI is dependent on the activity of phage-induced 
lysozyme [63]. LO involves T4 phage particles having lytic activity by possessing a 
lysozyme-like activity that happens at the base plate structure of the phage tail 
[64]. This is ineffective at a low multiplicity because cells develop an increasing 
resistance a few minutes after infection [65].  Lysis inhibition (LIN) can occur 
when the multiplicity of infection is between 5 to 10 and one or more phage 
particles has absorbed to the initially infected cells with each secondary 
absorption event causing a delay in lysis and cells accumulating intracellular 
phage for extended periods [66, 67].  The evolutionary advantages of both are 
evident as the rapid lysis of singly infected cells allow T4 to spread through a 
virgin population of cells and once the infection dominates LIN permits indefinite 
extensions of the latent period and extremely high progeny titres. 
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The main lysis genes in T4 bacteriophages are e and t that when mutated can 
prevent lysis without reducing the accumulation of intracellular phage particles 
[68].In the λ model T4 e is complementary to Lambdoid R and T4 t is 
complementary to Lambdoid S [69]. The e gene encodes the T4 lysozyme that has 
a globular structure and the lysozyme activity accumulates intracellularly from 
the onset of late gene expression, 8 min after infection [70]. The properties of t 
mutants are highly similar to those of λ S mutants and so it can be assumed that t 
functions in forming a hole in the inner membrane at the end of late-protein 
synthesis. LIN inhibition occurs only in cells in which “t-holes” have not yet been 
formed [66].  It is suspected that t-hole formation is directly controlled by the r 
complex.    
In T7, the genes 17.5 and 3.5 in T7 play the same roles as the λ S/R and T4 t/e 
gene pairs [62] with gene 17.5 acting to form holes in the inner membrane through 
which the 3.5 encoded lysozyme can pass through [45] to rupture the cell wall. 
1.10 Bacteriophage resistance mechanisms 
 
Generally, bacterial cells protect themselves from phage infection with 
restriction-modification systems in which incoming phage DNA is degraded with 
restriction endonucleases and the host DNA is protected by methylation. Abortive 
infection systems become active if the restriction-modification system has failed. 
In E. coli the PrrC protein is a tRNA lys anticodon nuclease that causes cell death 
and prevents the phage from propagating and further infecting other cells [71]. It 
is also known that bacteria use phase variation to switch their restriction-
modification systems on and off as it is thought that maintaining the methylation 
can affect global gene expression. A trade-off between growth and resistance is 
needed and when the restriction-modification system is turned off the bacteria 
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may acquire virulence factors encoded by phage that undergo a lysogenic phase in 
their genome[71]. Another way that bacteria can protect themselves from 
infecting bacteriophages is with a CRISPR/Cas system, which requires prior 
exposure to a phage during which time a protospacer sequence from the phage is 
inserted between short palindromic repeats in the CRISPR system to become a 
spacer sequence that acts as a type of immune memory.  Once the sequence is 
recognised again it expresses the Cas immune system that cleaves the invading 
DNA. However phages have also evolved ways around this by developing similar 
CRISPR/Cas systems themselves that can recognise spacers on inhibitory 
chromosomal islands produced by the bacterial host to restore phage 
replication[72]. 
There are many known bacteriophage resistance mechanisms that involve 
preventing phage adsorption or preventing phage DNA entry. In prevention of 
phage adsorption hosts can block their phage receptors, for example in E. coli, 
Phage T5 produces a lipoprotein to block its own receptors and prevent super-
infection [73]. Hosts can also produce extracellular matrices to prevent phage 
adsorption by providing a physical barrier; Phage V10 of E. coli O157 can modify 
the O157 antigen to block adsorption because it has an O-acetyltransferase [74]. 
Sometimes phage receptors become blocked by competitive inhibitors; FhuA is an 
E. coli iron transporter that doubles up as a phage transporter for T1 and T5 but 
the phages can be outcompeted by microcin J25 [75]. In terms of preventing 
phage DNA entry, superinfection exclusion systems are used and coliphage T4 
encodes these by imm and sp to inhibit injection of DNA and subsequent infection 
by other T-even-like phages [73].  




Bacteriophages are also able to subvert the host through a number of mechanisms. 
T4 has IP(internal protein) genes that encode small, basic proteins that are 
encapsulated in the phage head and injected with the viral genome in early 
infection[76]. These IPs subvert host macromolecular biosynthesis and IPs can also 
counteract host defensive mechanisms against phage infection [77]. 
Phages are able to acquire host DNA modification in order to escape restriction by 
the R-M system and have their own anti-restriction systems. Phages can evade the 
R-M system by losing or modifying R-M recognition sites, co-injecting proteins that 
protect the phage DNA from restriction or inhibiting R-M enzymes [77]. For 
example, T7 is resistant to type III R-M enzymes because the recognition sites are 
in the same orientation and not in the head to head formation that is required for 
cleavage [78]. Also, T7 inhibits type I R-M enzymes with its Ocr (overcome 
classical restriction) protein that blocks the enzymes binding sites and is the first 
product to be expressed by T7 when it enters a bacterium [79].  
1.12 Impact of understanding bacteriophage susceptibility and resistance in 
E. coli  O157 
 
Bacteriophages have successfully been used to kill bacteria in food and patients 
for decades with a successful period in the pre-molecular era of medicine that was 
quickly usurped with the invention of chemical antibiotics. Phage therapy is an 
important option in the fight against antimicrobial resistance as an alternative 
treatment for resistant bacterial infections [80]. A new appreciation for the 
importance of the human microbiota has also encouraged the renewed interest in 
phage therapy as it also has a potential role in modulating microbiota [81]. Phage 
therapy has been suggested to be less expensive and more specific than antibiotic 
treatment [82]. Recently, Phage therapy has been used in a randomized trial to 
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treat bacterial diarrhoea [83] and to treat respiratory infections [84]. It also has 
applications in the food production industry with the recent use of phage for 
biocontrol of Campylobacter jejuni colonization in broilers [85]. To successfully 
implement bacteriophage therapy a better understanding of the strain’s genetic 
arsenal against phage infection is needed. It is not only necessary to understand 
what makes a strain resistant but what also makes a strain susceptible to phages 
or groups of phages and understand what influences the change from one state to 
the other in order to anticipate it. It would be advantageous for the advancement 
of phage therapy to build up a set of gene markers to look for those that are 
defined in effecting bacteriophage resistance or susceptibility in order to be able 
to predict whether a sequenced strain will be resistant or susceptible to a given 
phage.  Effectively this can be investigated using genome-wide association studies 
(GWAS) for bacteria in relation to phage susceptibility and resistance. 
1.13 The public health impact of understanding phage typing 
 
The world of microbiology is now in the genomics era.   It is likely that phenotypic 
typing such as phage typing will be phased out due to its low level of 
discrimination. In this transition period, it is valuable to make use of the extensive 
epidemiological data we have that is based on PT and move it into a genomic 
context by defining the genetic differences that account for PT.   Once that is 
understood, SNP-based typing for public health can be performed to cluster 
related strains while PT associated genes can still be detected in the sequences of 
the strains to link them to older outbreaks that may have been phage typed, i.e. 
backward compatibility. Moving forward the PT of a strain is likely to provide 
information about previous phage exposure and resistance, all improving our 
understanding of the molecular basis of bacterium-phage interactions. As 
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antibiotic resistance provides a survival advantage, similarly increasing 
bacteriophage resistance may be an indicator of increased survival advantage in 
the environment. Those strains that are resistant to a wide array of different 
bacteriophages are less likely to be lysed. This is important for public health as it 
gives an indication of whether a strain is more or less likely to survive in different 
conditions and could potentially aid in the epidemiology of outbreaks. 
1.14 Transposon-based genome-wide mutagenesis technologies 
	
Genome-wide mutagenesis allows researchers to carry out screens for involved 
genes for a multitude of conditions with unprecedented depth in a wide range of 
bacterial species. Transposon-based genome-wide mutagenesis encompasses a 
wide range of variations on that technology, including Transposon insertion 
sequencing (TIS), transposon insertion site sequencing(Tn-Seq), insertion 
sequencing (INseq), high-throughput insertion tracking by deep sequencing (HITS) 
and transposon-directed insertion site sequencing (TraDIS) that all share the same 
fundamental methodology [86]. The basic methodology is summarised as follows: 
creation of a transposon library through transposon mutagenesis, pooling of the 
high-density library, growth of that library under desired growth conditions, 
transposon specific sequencing adaptors ligated to amplify transposon junctions 
for sequencing, high-throughput sequencing of insertions sites, map and count 
reads for each insertion site and look for loci with a change in insertions compared 
to the control. This change in insertions can either indicate an increased survival 
rate in that mutant (increased number of insertions compared to the control) or a 
decreased survival rate in that mutant (decreased number of insertions compared 
to the control). These techniques have been used successfully to identify essential 
genes in Salmonella typhi [87] and Mycobacterium tuberculosis [88]. TraDIS 
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• Sequence and annotate the 16 phages used to type STEC O157 
• Sequence and annotate strains of STEC O157 submitted to the 
Gastrointestinal Bacterial Reference Unit from outbreaks and cases of 
sporadic gastrointestinal infection in the UK. 
• Analyse the prophage-like elements of STEC O157 
• Identify genetic elements associated with the PT phenotype 
• Build on the current understanding of PT and its representation of clinical 
significance and environmental niche 
• Identify STEC O157 genes associated with phage resistance or susceptibility 







Chapter 2: Whole 
genome 















The STEC O157 typing scheme utilises 16 typing phages.  The aim of this chapter 
was to analyse the genome sequences of 16 (fourteen T4 and two T7) STEC O157 
typing phages (TPs) to determine their relatedness in terms of gene content.  
Clustering based on differences in genome content aimed to reveal sub-clusters 
that could be used to simplify the typing scheme and identify genes that may 
account for differences in infectivity between related phages. Typing phages 5, 7 
and 10 from the scheme have previously been sequenced [74, 90, 91]. The work 
presented in this first results chapter builds on these sequences by assembling the 
genomes of the majority of the remaining typing phages from short sequencing 
reads and then places the phage genomes into similarity groups and analyses how 
these relate to lytic activity and phage typing results.   
A nestedness analysis is also described in this chapter which is a way of measuring 
the ranges of both host resistance and phage infectivity across a specialist to 
generalist gradient (Nestedness). I also performed a Modularity analysis which is 
the degree to which a network can be split into distinct modular groupings of 
phage and bacteria such that there are more infections within rather than 
between groups   
2.2 Methods 
2.2.1 Phage propagation and DNA extraction 
 
The typing phages were obtained as a gift from the National Microbiology 
Laboratory, Winnipeg, MN, Canada to GBRU in the late 1980s. To propagate the 
phage, 0.1ml of the propagating strain (table 2.1, fig. 2.1) was inoculated into 2 x 
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20ml of single strength Difco nutrient broth.  0.1ml of test phage was added to 
one broth and the other kept as a control. The bottles were incubated and 
turbidity was monitored. When lysis was judged to be at its maximum compared 
to the control, a small amount of the phage solution was centrifuged at 2,200g for 
20min. The supernatant was removed and spotted onto a flooded plate of 
propagating strain as a test; the plate was dried and incubated at 37°C overnight. 
The plates were examined for lysis (see fig. 2.2) and if positive the phage lysate 
was sterilized by filtration and stored at 4°C. 
Table 2.1. Table showing phage types of the 16 propagating strains  
Propagating strain for 
typing phage number 
Phage 
type 
PS 1 PT4 
PS 2 PT4 
PS 3 PT21/28 
PS 4 PT14 
PS 5 PT14 
PS 6 PT14 
PS 7 PT2 
PS 8 PT14 
PS 9 PT2 
PS 10 PT32 
PS 11 PT2 
PS 12 PT14 
PS 13 PT2 
PS 14 PT14 
PS 15 PT2 






Figure 2.1. Phylogenetic tree of propagating strains for each typing phage using 
Sakai as a reference. SNPs were called using a mapping technique against Sakai 
and the tree drawn using MEGA 5.2. The labels stand for Propagating strain and 
then the corresponding phage number that they propagate. The data for this tree 





Figure 2.2 Example phage typing plate with lysis indicated by clear plaques on a 
lawn of bacteria, each plaque representing lysis for individual typing phages 1-16.  
 
All phages were filtered before extraction took place. Eleven (phages 1, 3, 4, 5, 6, 
7, 8, 9, 12, 13 and 14) of the 16 phages were extracted using the QIAamp 
UltraSens Virus kit (Qiagen, UK) following the manufacturer’s instructions.  This 
method failed to produce a high enough concentration of DNA for the remaining 
phages (2, 10, 11, 15 and 16) and these were extracted using a zinc chloride 
protocol [92].  Briefly, 20µl of a 2M zinc chloride solution was added to 1ml of 
sample and incubated for 5 min at 37°C. The sample was then centrifuged at 
10,000rpm and the supernatant was removed. The pellet was suspended in 500µl 
of TES buffer (0.1M Tris-HCl, pH8; 0.1M EDTA and 0.3% SDS) and then incubated at 
60°C for 15 min. Subsequently, 60µl of a 3M potassium acetate solution was added 
and the sample left on ice for 10 to 15 min. Following the formation of a white, 
dense precipitation the sample was centrifuged for 1 min at 12,000 rpm and the 
supernatant removed to a new tube. To this an equal volume of isopropanol was 
added, the solution vortexed and left on ice for 5 min. The solution was 
centrifuged and evaporated simultaneously using a Speedy-Vac machine and the 
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pellet washed with 70% ethanol before being suspended in 20-100µl TE (10mM 
Tris-HCl, pH8; ImM EDTA). Samples were pooled by five extractions to give a 
higher yield of DNA. This method also failed to produce high enough concentration 
of DNA for sequencing TP 2 and 16 and so I was unable to obtain sequencing data 
for these two TPs.	
	
2.2.2 Sequencing	
The first set of phages (1, 3, 4, 5, 6, 7, 8, 9, 12, 13 and 14) was sequenced at The 
Genome Analysis Centre (TGAC) on an Illumina MiSeq. Illumina TruSeq DNA library 
construction was performed and sequencing of the libraries was pooled on one run 
using 150 bp paired-end reads, this generated greater than 1 Gbp of data for the 
run. The second set of phages (10, 11 and 15) was sequenced at the Animal Health 
and Veterinary Laboratories Agency on an Illumina GAII. The library construction 
was performed using a Nextera DNA sample preparation kit (Illumina) and then 
sequenced also producing 150bp paired reads.	
	
2.2.3 Bioinformatic sequencing analysis	
Reads for all phages apart from TP 15 were de	novo	assembled into whole genomes 
using Velvet optimizer with a range of k-mer values from 90-120 [93] and 
annotated using Prokka 1.5.2 and output as GenBank files [94].  The genomes 
were visualised in the multiple genome alignment tool Mauve with a progressive 
alignment to assess similarities and differences between them based on sequence 
content. The reads assembled into between 1 and 7 contigs for each phage.	
TP15 could not be assembled correctly because the propogation process had 
induced other temperate phages in the genome of the propagating strain and the 
DNA had been co-extracted.  Subsampling to x150 coverage and assembling the 
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reads using SPAdes with a low frequency k-mer elimination step [95] was used to 
overcome this issue and resolve 15 true TP15 contigs from the assemblies.    The 
sequencing data has been made publicly available in the Short Read Archive under 
study alias PRJNA252693 and Genbank accession numbers for each phage can be 
found in the availability of supporting data section. 	
	
2.2.4 Euclidian tree	
The protocol used to identify phage types (table 2.2) was converted into binary 
(presence/absence) format. In the original scheme there were 66 established 
phage types (PT) and 16 typing phages (TP). This set of data was analysed using a 
two-way cluster hierarchical agglomerative analysis in PC-ORD software version 
6.08 (MJM software Design, Gleneden Beach, OR). The clustering was performed 
with Euclidian distance matrix and Ward linkage method. 	
The optimal number of groups of plots was first evaluated with multi-response 
permutation procedure, seeking the solution with fewest number of groups but 
the greatest gain in A-statistics [96].  
 
Table 2.2 Reactions of the E. coli O157 type strains with the typing phages at a 
routine test dilution, this data was used to construct the Euclidian tree shown in 
Figure 2.3. Abbreviations are clear lysis (CL), semi-confluent lysis (SCL) and 
opaque lysis (OL).	+++ = over 100 plaques, -/+ = 6-20 plaques, -/++ = 41-60 
plaques, +++/- = 81-100 plaques, <OL = semi confluent opaque lysis, <<OL = less 








1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
1 <CL CL SCL SCL SCL - <SCL CL - - CL CL - <SCL CL SCL 
2 CL CL <CL <<SCL/- - <SCL <SCL CL OL - CL CL CL - CL SCL 
3 +++ - SCL - - - <SCL -° OL OL SCL CL - - SCL SCL 
4 CL CL SCL <<SCL <<SCL - <SCL CL OL OL CL CL  <SCL CL <CL 
5 - - SCL SCL - SCL SCL - OL OL <<OL <OL CL - - - 
6 - - SCL SCL - +++ SCL - - - SCL - SCL - - - 
7 - - SCL SCL SCL - - - - - SCL - - SCL - - 
8 CL CL <CL <<SCL SCL SCL SCL CL - - CL CL CL <SCL CL <SCL 
9 SCL SCL SCL CL SCL +++ SCL SCL - - SCL CL - - - SCL 
10 SCL SCL - SCL SCL - - SCL <<OL <OL +++ CL - CL CL CL 
11 SCL SCL SCL SCL SCL - - SCL <<OL - SCL SCL - SCL SCL SCL 
12 SCL SCL SCL CL CL - SCL SCL - - +++ SCL SCL - SCL SCL 
13 - - SCL SCL - +++ +++ -° <<OL <<OL <<OL - SCL - - - 
14 CL CL SCL <<SCL <SCL <SCL <<SCL CL OL OL CL CL CL <<SCL CL <CL 
15 SCL +++ SCL SCL - +++ SCL SCL - - SCL SCL SCL - SCL SCL 
16 - +++ SCL +++ - +++ <SCL - <OL <OL - +++ SCL - - - 
17 - +++ +++ +++ - -/+++ SCL - <OL - SCL - +++ - - - 
18 - - +++ +++ - -/++ +++ - - - <<OL -/++ <CL - - - 
19 - +++ - - - - +++ - - - <OL +++ - - - +++ 
20 - - +++ +++/- - ++ - - - - - - <SCL - - - 
21 - - <<SCL - - - +++ -° <OL <OL P - - - - - - 
21/28 - - CL - - - SCL +++µ <OL <OL +++µ +++µ - - - - 
22 - -  - - -  +++ <OL <OL  SCL - - - - 
23 <CL CL SCL - - - SCL CL - - CL <CL - - CL SCL 








1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
25 - - SCL +++ - <SCL <SCL -° - - <<OL <<OL CL - - - 
26 <CL SCL +++ +++ +++ - +++ CL <OL <OL CL CL - - CL SCL 
27 +++ <<OL/- SCL +++/- - <<SCL <<SCL CL/- +++ +++ CL CL CL - SCL +++ 
28 -° - SCL -° - - <<SCL - <OL <OL <<OL° <<OL° - - - - 
29 <<OL° - +++ - - - +++ +++ - - - +++ - - +++ +++ 
30 ++/- <OL +++ +++ +++ - +++ -° - - <<OL <<OL - - ++/- <OL 
31 - - <SCL - - <SCL <SCL - - - P - - CL - - - 
32 - - <SCL - - SCL SCL -° OL OL P - - CL - - - 
33 - - <<SCL - - - <<SCL - - - P - - - - - - 
34 SCL CL +++ - - +++ +++ CL <OL <OL CL CL <CL - CL CL 
35 CL -° <SCL SCL +++ - +++ CL - - CL CL - - <CL -/++ 
36 <CL - <SCL <<SCL +++ - +++ CL <OL <OL CL CL - - CL -° 
37 CL <<OL SCL +++ -/+ - +++ CL - - CL CL - - CL <<OL 
38 - - - - - - - - OL OL - - - - - - 
39 <<OL - +++ - - +++ +++ <OL <OL <OL <<OL <<OL CL - <<OL - 
40 <OL - +++ - - - +++ CL OL OL CL CL - - SCL -° 
41 <CL CL <<SCL <<SCL +++ - - CL OL OL CL CL - +++ CL <CL 
42 <SCL <<OL <<SCL - - - +++ CL <OL <OL SCL SCL - - <<SCL  
43 <<OL - SCL - - <<SCL +++ <<OL - - <<OL <<OL CL - <<OL  
44 -° <<OL <<SCL +++ +++ - +++ P - - - P - - - - P - <SCL 
45 <CL <OL +++ - -/+ - +++ CL OL OL CL CL - -/+ SCL +++ 
46 - - <SCL - - - - - <OL <OL - - - - - - 
47 <CL - SCL +++ +++ - +++ CL OL OL CL CL - +++ CL - 








1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
49 <CL - SCL <<SCL <<SCL <SCL <CL CL OL OL CL CL CL CL CL - 
50 SCL - SCL - - <<SCL +++ CL OL - CL CL CL - <OL - 
51 - - +++ - - +++ <<SCL - <OL - -/+ - +++ - - - 
52 SCL - +++ + - - <<SCL SCL - - <CL <<OL - ++ <<SCL - 
53 <<OL - <<SCL +++ +++ +++ <<SCL <<OL +++ <<OL <<OL <<OL <<SCL - +++ +++ 
54 <CL CL +++ - - +++ ++ <CL - - <CL SCL <<SCL - <<SCL <SCL 
55 <CL CL <<SCL <<SCL +++ - - CL - - CL CL SCL SCL CL SCL 
56 <CL CL +++ <<SCL +++ - - CL - - CL CL - +++ CL SCL 
57 <<OL <<OL <<SCL +++ +++ - +++ <<OL <OL OL - - - - + SCL 
58 - <<OL <<SCL + + - +++ + - - - - - - - SCL 
59 - + <<SCL +++ +++ +++ <<SCL + +++ <<OL P - P - SCL +++ - <<SCL 
60 - + +++ +++ +++ - +++ - - - P - - - - - <SCL 
61 SCL <<OL <<SCL +++ +++ +++ - CL - - CL CL SCL +++ SCL +++ 
62 <CL - <<SCL +++ ++ - <<SCL - +++ <OL P - - - +++ <CL - 
63 CL SCL - - - - SCL CL - - CL CL - - CL SCL 
64 (prov) - - <<OL +++ +++ - +++ - - - - - - +++ - <<SCL 
65 (prov) - - +++ <<SCL +++ +++ <<SCL - <OL <OL P - - +++ - - +++ 
66 (prov) - - <<SCL - - +++ SCL <<OL <OL <OL P - - +++ - - - 
67 CL CL <<SCL - - - - CL - - CL CL - - CL <<SCL 
68 CL - SCL <<SCL - <<SCL <<SCL CL OL OL CL CL <<SCL - <CL - 
69 (prov) +++ - +++ - - - +++ - - - - - - - - +++ 
70 (prov) CL <<SCL - - - - <<OL CL <<OL <OL CL CL - - CL +++ 
71 (prov) CL - +++ - - +++ <<SCL CL - - CL CL +++ - <CL +++ 






1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
73 (Not yet)                 
74 (prov) CL <<SCL - - - - - CL <OL OL CL <CL - - SCL SCL 
75 (prov) <OL - +++ <OL +++ +++ - CL - - CL SCL +++ <<OL +++ - 
76 (prov) <<OL - <<SCL +++ - <<SCL SCL <<OL <OL OL <<OL <<OL +++ - - - 
77 (Not yet)                 
78 (prov) <<OL - <<SCL - - - <<SCL <<OL <OL OL <<OL <<OL - - - - 
79 (prov) <<OL - - - - - <<SCL <<OL <OL OL <<OL <<OL - - <<OL - 
80 (prov) <<OL - - - - - <<SCL <<OL <OL  <<OL <<OL - - - - 
81 <<OL - - - - - - <<OL <OL <OL <<OL <<OL - - <<OL - 
82 - - <<SCL - - +++ <<SCL CL - - <CL <<SCL +++ - - - 
88 +++ ++ SCL - SCL - CL SCL - - +++ +++ - - +++ SCL 
Untypable - - - - - - - - - - - - - - - - 
                 
                 
                 
                 
                 
                 
                 
                 
                 
                 
                 




2.2.5 Modularity and nestedness 
	
Modularity of the network was calculated using the LPAb+ algorithm [97] which 
uses label propagation coupled with greedy multistep agglomeration to identify 
the communities (made of members of both types of nodes (bacteria and phage)) 
that maximise modularity in bipartite networks. As LPAb+ is stochastic, the best 
modularity score, QB , was returned from 1,000 trials each time the algorithm was 
used and was chosen. Code for performing the modularity analysis is supplied [98].	
Nestedness statistics were calculated using FALCON [99]. The nestedness measures 
used were NODF [100], NTC [101, 102] and BR, the discrepancy score of Brualdi 
and Sanderson, 1999 [103].  NODF and NTC scores take values in the range [0,100], 
whilst BR is the absolute number of differences between the input and a 
maximally packed matrix. NODF has been recalculated here as NODF = 100-NODF, 
so that lower measure scores show greater nestedness with 0 representing perfect 
nestedness for each of the measures.	
The significance of both modularity and the nestedness found in the phage-
bacteria infection network using two null models based on properties of the 
network was examined. Null model one is a Bernoulli random null model where 
connections between phage j and bacteria i are made with probability pij = F/M, 
where F is the total number of edges in our network (number of infecting 
interactions) and M is the maximum number of potential interactions (number of 
TP's × number of PT's). Null model two is based on the information in the rows and 
columns in the network [104] ; where a connection between phage j and bacteria i 
is made with probability pij	=	0.5(dj/r	+	ki/c	)  where dj is the number of infections 
caused by phage j, r is the number of PTs, ki is the number of phage that can 
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infect bacteria i and c is the number of TPs. One thousand null matrices against 
the network for each null model in the modularity analysis were tested, the 
adaptive ensemble of FALCON for nestedness analysis were used and the ensemble 
size used (N), p-values (probability of finding a more modular/nested network 
from the null model) and z-scores (effect size; the number of standard deviations 
the network was away from the mean average found in each null model) were 
reported.	
2.2.6 BRIG plot	
BRIG (Blast Ring Image Generator), a genome comparison tool [105], was used to 
compare similarities between the 12 T4 like TP by inputting all of the GenBank 
files for the assembled genomes and plotting blast hits against a FASTA file of all 
of the phages. The image was displayed as a series of concentric rings with the 
central ring being the FASTA reference; each outer ring displays hits (i.e. genomic 
regions that show a high percentage similarity to the central reference genome) 
for each phage. BRIG was also used to show the comparison of TP9 and TP10 (the 
two T7 like typing phages) against TP9 as a reference.	
	
2.2.7 SeqFindR and Easyfig plots 
SeqFindR, a bioinformatics tool developed by the Beatson Laboratory at the 
University of Queensland, was used to identify gene presence and absence in the 
phage genomes. Easyfig [106] was used to visualise the coding regions and colour 
the accessory genes in red for each phage group. 
	




Tail fiber encoding genes were extracted from the GenBank files of the typing 
phages and the protein sequences aligned using MEGA 5.2. The alignment revealed 
how many changes in protein sequence there were within the groups.	
	
2.3 Results 
2.3.1 Nestedness and modularity of the phage typing scheme 
	
In the PT scheme there are 14 T4-like bacteriophages (TP1-8 and TP11-16) and 
two T7-like bacteriophages (TP9 and TP10).  The reactivity of each of the typing 
phages with respect to the STEC O157 PT scheme was analysed.  The two-way 
Euclidian cluster analysis combined the independent clustering of 66 STEC O157 
bacterial PTs and the 16 TPs into a single diagram and highlighted the associations 
between groups of phage types and typing phages (Figure 2.3).  The analysis 
showed that the STEC O157 phage typing scheme formed a weak (Qb = 0.1575 
(Table 2.3)) but significantly modular network where the TP groups were each 
specialised to infect a subset of PTs (Figure 2.4). There also exists a large number 
of the ‘between module’ interactions.  Furthermore, the majority of PTs of STEC 
O157 are susceptible to at least one member of each group of TPs. These groups 
can be regarded as universally infective against STEC O157.  Using statistical tests 
(defined in the descriptor of Table 2.3), the nestedness of the interaction network 
was found to be statistically significantly different from that found under 
randomly formed networks (Table 2.3, fig. 2.5). This indicates a correlation 
between phage infectivity range and the resistance range of the host. These 
phages have been chosen to infect STEC O157 and create a typing scheme with the 





Table 2.3 Summary statistics for nestedness and modularity analysis. Barber's 
modularity (Qb) and three nestedness measures (NODF, NTC and BR) were 
calculated. Two null models were used to generate ensembles of networks (of size 
N) to evaluate the strength of the modularity and nestedness observed in the 
classified STEC O157:H7 phage-bacteria infection network. This is done by 
reporting the significance (as a p-value) and effect size (as a z-score) of the 
phage-bacteria infection network relative to the networks found in each null 
model ensemble. Note that, due to differences in how these measures are 
calculated, a positive z-score for modularity indicates that it is greater in the 
observed network than the mean average of the ensemble; whilst in the 
nestedness analysis a negative z-score indicates the observed network is more 
nested than the mean nestedness found within the null ensemble. The classified 
STEC O157:H7 phage-bacteria infection network was found to be both more nested 











  Modularity Nestedness 
Measure  QB  NODF NTC BR 
      
Measure score x 0.1575 27.9199 30.2532 130 
      
Null model 1 N 1000 1300 1300 1300 
 p-value <1/N <1/N <1/N <1/N 
 z-score 4.8602 -7.5382 -11.9831  -11.7632 
      
Null model 2 N 1000 1000 1000 1000 
 p-value <1/N <1/N <1/N <1/N 













Figure 2.3 Two-way cluster analysis dendrogram of 66 phage types and 16 typing 
phages. The matrix of shaded squares represents the phage type ×	typing phage 
matrix, while the dendrograms show the clustering. The dendrograms are scaled 
by Wishart ‘s (1969) objective function, expressed as the percentage of 
information remaining at each level of grouping (McCune and Grace, 2002 ). Each 
square represents the presence (black) and absence (white) of a reaction with a 
given typing phage. The three phage type clusters and the 4 typing phage clusters 
are indicated at the node with numbers. The three T4 typing phage groups as 
indicated by their genomic relatedness and reactivity are represented with Group 





Figure 2.4 A visual representation of the modularity seen within the system with 
modules coloured. PT is represented on the y axis and TP is represented on 
the x axis and the matrix showing presence of a reaction with that phage as 
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a white or coloured block. The 4 observed modules are coloured as yellow, 




Figure 2.5 A visual representation of the degree of nestedness found within the 
classified Escherichia coli O157:H7 phage-bacteria infection network. Each square 
represents an association between the corresponding phage and bacterial strains. 
TP are ranked from highest to lowest phage infectivity range, whilst bacterial PT 
are ordered from lowest to highest host resistance range. 
 
2.3.2 Fourteen of the 16 typing phages were successfully sequenced 
	
Fourteen of the 16 phages in the typing scheme were sequenced and successfully 
assembled.  Despite several attempts, sequencing of TPs 2 and 16 failed due to 
insufficient quantities of DNA extracted from the phage preparations.   
Details of public accessions for both the raw reads and assembled genbank files 
can be found in the appendix. 
 
2.3.3 Genomic similarity of the T4-like typing phages 
	
The BRIG plot showed that the 12 sequenced T4-like bacteriophages formed three 
distinct groups of similar genomic sequences (fig. 2.6).  Group 1 included typing 
phages 1, 8, 11, 12 and 15; Group 2 comprised typing phages 3, 6, 7 and 13 and 
typing phages 4, 5 and 14 were in Group 3.  Although the sequencing for TP2 and 
TP16 failed, the modularity analysis indicates that TP16 belonged to Group 1 and 
TP2 belonged to Group 3 (fig. 2.6). The genomes of the TPs varied significantly in 
size between the three groups:  the members of Group 1 were 93,000-95,000 bp, 
Group 2 members were 165,000-175,000 bp and those in Group 3 were 135,000-






Figure 2.6 A genomic representative diagram drawn with BRIG of 14 T4-like phage 
similarities, the coloured regions indicate high pairwise genomic sequence 
similarity according to blastn. Legend indicates which colours correspond with 
which phages and the shade of that colour indicates what level of similarity is 
observed. Central ring is multi-fasta of all T4-like phage genomes and each 
consecutive ring represents the similarity with a single phage. The multi-fasta and 
rings are in the same phage order. The reference (central ring) is a concatenated 
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2.3.4 Group 1 variation 
	
The Group 1 phages (TP1, 8, 11, 12 and 15) were approximately 90,000 bp in 
length.  These five phages were highly similar in genetic sequence content. The 
location, annotation and presence of accessory genes within Group 1 are shown in 
figure 2.7 and table 2.4.   Figure 2.7 shows that there were 6 genes found in TP1 
but absent in TP8, 11, 12 and 15 (five were annotated as hypothetical proteins 
and one tRNA). There were also five genes present in TP8, 11, 12 and 15 but not in 
TP1 (three were annotated as hypothetical proteins, one as AP2 domain protein 
and one was a tRNA gene) (fig. 2.7, table 2.4).  TP8 was missing a region 
annotated as a putative prophage that was present in the other members of the 
group.  With the exception of TP11, the Group 1 TPs are most closely related to 
each other by the two-way Euclidian cluster analysis demonstrating the link 







Figure 2.7 SeqFindR and Easyfig image combined representing the accessory gene 
content of group 1. Genomes of each phage in group 1 are represented by the 
Easyfig image showing linear visualisation of the genome and coding regions 
represented by arrows, accessory genes are coloured red. The order of phage 
genomes in the linear visualisation and the accessory content blocking is 8, 12, 11, 
1 and 15 and was chosen based on similarity clustering in SeqFindR. Hits for the 
accessory genes in each genome are represented in labelled columns in the 
SeqFindR image underneath each accessory gene. 
 
Table 2.4  Table detailing the accessory variation of Group 1 as depicted in Figure 
2.7. Presence of accessory gene in phage genome depicted by ‘X’ and absence by 
a blank box. 
Group	1	 Phage	1	 Phage	8	 Phage	11	 Phage	12	 Phage	15	
PROKKA1_00033_tRNA-Arg(tct)	 X	 		 		 		 X	
PROKKA1_00042_tRNA-Pro(tgg)	 X	 X	 X	 X	 		
PROKKA1_00078_hypothetical_protein	 X	 		 		 		 X	
PROKKA1_00081_hypothetical_protein	 X	 		 		 		 X	
PROKKA1_00083_hypothetical_protein	 X	 		 		 		 X	
PROKKA1_00092_hypothetical_protein	 X	 		 		 		 X	
PROKKA1_00094_hypothetical_protein	 X	 		 		 		 X	
PROKKA1_00130_hypothetical_protein	 X	 X	 X	 X	 		
PROKKA8_00001_hypothetical_protein	 		 X	 		 		 		
PROKKA8_00007_AP2_domain_protein	 		 X	 X	 X	 		
PROKKA8_00039_hypothetical_protein	 		 X	 X	 X	 		
PROKKA8_00042_hypothetical_protein	 		 X	 X	 X	 		
PROKKA8_00087_tRNA-Trp(cca)	 		 X	 X	 X	 X	
PROKKA8_00088_hypothetical_protein	 		 X	 X	 X	 X	
PROKKA15_00062_tRNA-Pro(tgg)	 		 		 		 		 X	
PROKKA15_00145_hypothetical_protein	 		 		 		 		 X	





2.3.5 Group 2 variation 
	
The TPs in Group 2 (TP 3, 6, 7, and 13) were between 160-170,000 bp in length.  
The genomes were almost twice the size of the phages in Group 1 and exhibited 
less similarity in terms of gene content.  The accessory genes found in Group 2 
were mostly annotated as encoding hypothetical proteins (fig. 2.8, appendix table 
7.1).  The two-way Euclidian cluster analysis highlighted a close relationship 
between TP6 and TP13 and this corresponded with the level of sequence similarity 





Figure 2.8 SeqFindR and Easyfig image combined representing the accessory gene 
content of group 2. Genomes of each phage in group 2 are represented by the 
Easyfig image showing linear visualisation of the genome and coding regions 
represented by arrows, accessory genes are coloured red. The order of phage 
genomes in the linear visualisation and the accessory content blocking is 7, 3, 6 
and 13 and was chosen based on similarity clustering in SeqFindR. Hits for the 
accessory genes in each genome are represented in labelled columns in the 
SeqFindR image underneath each accessory gene. 
	
2.3.6 Group 3 variation 
	
TPs 4, 5 and 14 were designated Group 3 and were 130-140,000 bp in length.  
Figure 2.9 shows the location, annotation and presence of accessory genes within 
Group 3. Figure 2.9 demonstrates that there were 29 gene differences within the 
group and the majority (19) were annotated as hypothetical proteins.  In addition, 
three genes encoded putative endonucleases and there were three genes 
designated tRNAs (figure 2.9, table 2.5).  The TPs in Group 3 were most closely 



















Figure 2.9 SeqFindR and Easyfig image combined representing the accessory gene 
content of group 3. Genomes of each phage in group 3 are represented by the 
Easyfig image showing linear visualisation of the genome and coding regions 
represented by arrows, accessory genes are coloured red. The order of phage 
genomes in the linear visualisation and the accessory content blocking is 4, 14 and 
5 and was chosen based on similarity clustering in SeqFindR .Hits for the accessory 
genes in each genome are represented in labelled columns in the SeqFindR image 
underneath each accessory gene. 
 
Table 2.5 Table detailing the accessory variation of Group 3 as depicted in Figure 
2.9. Presence of accessory gene in phage genome depicted by ‘X’ and absence by 
a blank box. 
Group	3	 Phage	4	 Phage	5	 Phage	14	
PROKKA5_00002_hypothetical_protein	 		 X	 X	
PROKKA5_00003_hypothetical_protein	 		 X	 X	
PROKKA4_00012_AP2_domain_protein	 X	 		 		
PROKKA5_00016_hypothetical_protein	 		 X	 		
PROKKA4_00030_hypothetical_protein	 X	 		 		
PROKKA4_00064_hypothetical_protein	 X	 X	 		
PROKKA4_00065_hypothetical_protein	 X	 		 		
PROKKA4_00079_hypothetical_protein	 X	 		 		
PROKKA14_00088_hypothetical_protein	 		 		 X	
PROKKA4_00104_Recombination_endonuclease_VII	 X	 		 X	
PROKKA5_00106_(putative	HNH	homing	endonuclease)	 		 X	 		
PROKKA5_00115_tRNA-???(atcc)	 		 X	 X	
PROKKA5_00116_tRNA-Ser(tga)	 		 X	 X	
PROKKA5_00117_tRNA-Tyr(gta)	 		 X	 X	
PROKKA14_00139_(putative	quinate	dehydrogenase)	 		 		 X	
PROKKA14_00143_hypothetical_protein	 		 		 X	
PROKKA5_00159_(putative	minor	capsid	protein)	 		 X	 		
PROKKA4_00164_hypothetical_protein	 X	 		 		
PROKKA4_00167_hypothetical_protein	 X	 		 		
PROKKA4_00168_hypothetical_protein	 X	 X	 		
PROKKA5_00171_hypothetical_protein	 		 X	 X	
PROKKA4_00198_hypothetical_protein	 X	 X	 		
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PROKKA4_00204_hypothetical_protein	 X	 		 		
PROKKA4_00205_hypothetical_protein	 X	 		 X	
PROKKA5_00205_hypothetical_protein	 X	 X	 		
PROKKA5_00207_hypothetical_protein	 X	 X	 		
PROKKA5_00210_hypothetical_protein	 		 X	 		
PROKKA4_00217_(putative	endonuclease	VII)	 X	 X	 		
PROKKA5_00228_(putative	prophage	MuMc02)	 		 X	 		
	
2.3.7 T7 variation 
	
TP9 and 10, the two Podoviridae or T7-like phages in the typing scheme were 
successfully sequenced, assembled and annotated and revealed 40-45000 bp 
genomes consistent with the published sequences of T7 bacteriophages (fig. 2.10).  
Phages 9 and 10 differed by only three genes (annotated as encoded hypothetical 
proteins) that were found in Phage 9 but not in phage 10.  The two-way Euclidian 
cluster analysis confirmed the close relationship between TP9 and TP 10 in terms 
of PT profile. It also showed that there were six STEC O157 phage types (PTs 2, 
11, 17, 24, 50, and 51) that react with TP9 but not TP10 and none of the PTs react 
with TP10 but not TP9 (fig. 2.3).  These three hypothetical proteins could be the 






Figure 2.10 A genomic representative diagram drawn of T7 bacteriophage with 
BRIG, the coloured regions indicate high pairwise genomic sequence similarity 
according to blastn. The legend indicates which colours correspond with which 
phages. The central ring is a GenBank file of Phage 9 as a reference and 
annotations of genes in red. The first ring is representative of Phage 9 and the 
second ring is representative of Phage 10 and the shade indicates the level of 
genomic similarity observed.	
2.3.8 Tail-fiber variation 
	
Bacteriophages are known to have their specificity determined by their tail fibers 
which interact with receptors that are  outer membrane proteins [107] on the 
host. The T4-like bacteriophages are long tailed (fig. 2.11) and the T7-like 
bacteriophages are short-tailed (fig. 2.12). Each group of the T4 phages had one 
tail fiber gene and one tail fiber assembly gene or tape measure domain 
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annotated gene. The T7 phage groups had head-to-tail connecting proteins as they 
are short-tailed phages. Tail-fiber encoding genes were analysed within each 
group and it was found that there were nucleotide sequence polymorphisms that 
would result in changes to the amino acid sequence for certain members of each 
group. Within the group 1 typing phages, phages 1 and 15 had three changes in 
predicted amino acid sequence in their tail fibers, two  of which were shared and 
one each unique to each phage. Within the group 2 typing phages, phage 7 has 47 
predicted changes in its amino acid sequence and three amino acid deletions. 
Within the group 3 typing phages, the same single position in all three members of 
the group has a different predicted amino acid present and additionally there was 
another single nucleotide polymorphism in typing phage 14 that results in an 
amino acid change. The T7-like phages had identical tail fiber genes. 
There was no genetic similarity between tail fiber genes found in different groups 
as they were non-homologous sequences. It was expected that the T4 phages that 
infect E. coli O157 would have similar tail fibers between groups as a function of 
convergent evolution but the fact that they do not is further evidence of the 
modularity of the PT scheme and that each group is particularly specialised and 
not closely related to the other groups. This also indicates that either there are 
multiple receptors for the different tail fibers on O157 or that multiple tail fibers 




Figure 2.11 Electron Microscopy was performed image of typing phage 7, a 
representation of T4-like long-tailed phage morphology. The samples were 
applied to formvar-carbon coated EM grids by the agarose diffusion 
method and negatively stained with 1.5% PTA. EM grids were viewed at 
120kV in a JEM1400 transmission electron microscope (JEOL UK) and 




Figure 2.12 Electron Microscopy image of typing phage 9, a representation of T7-
like short-tailed phage morphology. This image shows two phages and one is 
indicated by a red arrow. 
2.4 Discussion 
	
Phage-host interactions are key to understanding the virulence and success of 
STEC O157 but little is known about the TPs used in the O157 typing scheme.  
Sequencing these phages has enabled the grouping of the T4-like Myoviridae and 
the two Podoviridae or T7-like phages members of the TP scheme into four groups 
based on their sequence similarity.  The two-way Euclidian cluster analysis 
demonstrated that similar phage groups react with STEC O157 in a similar way 
with closely related reaction profiles.  The sequencing data also highlighted that a 
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small number of gene differences may be responsible for the subtle variation in 
reaction profiles within the groups.  	
	
The large proportion of genes annotated as encoding hypothetical proteins 
hindered the investigations into the mechanisms of host-phage interactions.  
Attempts were made to annotate these genes further using protein BLAST and 
HMMER but only uncharacterised proteins were hit. However, the determination of 
which genes vary within each group will enable researchers to focus on the genes 
that may play a key role in the interactions between specific TPs and strains 
belonging to specific PTs.   For example, in Group 1, there were five genes that 
were found only in TP8, 11 and 12 and three PTs (PT21/28, 59 and 82) that only 
react with these TPs.  The proteins encoded by these five genes may play a key 
role in the host-phage interactions between TP8, 11 and 12 and strains of STEC 
O157 belonging to PT21/28, 59 and 82.   PT21/28 is one of the most common PTs 
in the UK and is significantly associated with HUS [108].  Further details of unique 
host-phage interactions are described in table 2.6 and the genes referred to can 
be found in figures 2.7, 2.8 and 2.9.   
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Table 2.6 Table representing unique reactions that only occur within a subset of 
groups 1, 2 and 3 with specific PTs and number of genes found only in that subset. 
The number of genes was determined looking at the accessory gene regions within 
each group and identify those found in a subset of the phages. 





















































































Analysis of tail fibers genes showed that typing phages 1, 15, 7 and each individual 
member of Group 3 had different protein sequences encoded to the other 
members of their group.  The changes that were found could partially account for 
infectivity differences [109]. These could explain a few of the differences in host 
specificity seen within those groups, although this will not apply to the T7-like TPs 
that have had identical predicted tail fiber proteins.  
	
Certain TPs had almost identical genomes but different host susceptibility 
profiles, for example, TP11 belonged to the Group 1 phages but had a similar host 
susceptibility profile to the Group 2 phages.  Each phage in the typing scheme has 
its own propagating strain (fig. 2.2 and table 2.1) so it is also possible that host-
induced modification occurs [110].  For example, the propagating strains for the 
closely related TPs TP9 and TP10 are STEC O157 PT2 and PT32, respectively.  
Modifications may be a result of methylation or other phenotypic changes that are 
not evident in the genome but may affect the host range of the virus.  	
	
Phenotypic differences in susceptibility patterns in genetically similar phages 
could be explained by the transcription order of genetic loci in the phage genome.  
It has been suggested that gene synteny constrains adaptation and is important for 
fitness and therefore infectivity of bacteriophages [111].  The order of 
transcription may be important in overcoming the host response to infection.  The 
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phages that transcribe their genetic loci in a different order may be killed and 
degraded by the host response, for example, TP 8, 11 and 12 are almost identical 
but have a different gene order and this may be key to their different infection 
profiles. 	
	
This analysis has shown that the significantly modular network exhibited by the 
STEC O157 PT scheme was linked to the genetic similarity groups described above 
showing that these groups are specialised to infect a subset of PTs.  However, the 
typing scheme as a whole is also significantly nested; more generalised phages 
minimise the number of phages needed in the scheme.  Both of these network 
structures have also been found in other phage-bacteria infection networks [112, 
113].  The most common PTs in the UK: 2, 8, 21/28 and 32 are all found in 
different modules, meaning there is an abundant PT in each module.  When 
looking at these PTs with nestedness, PT 8 and 2 both have a phage susceptibility 
range of 14 and 13 respectively so are relatively generalised but PT 21/28 and 32 
both have a host range of 7, and lie more towards the specialised end of the 
spectrum. It is interesting that the most common PTs detected in the UK seem to 
appear at two levels of host range –	perhaps suggestive of a trade-off between 
host range and phage productivity. It would be interesting to see, in conditions 
where the phages are allowed to evolve with their hosts, if a more modular 
network arises with further specialisation of the phages to maintain a kill-the-
winner dynamic and less broad range infectivity [114]. This is an artificial system 
that has been observed and it is likely that different network would arise in 




PT has been used for epidemiological and surveillance studies by a number of 
groups [43, 115] for different organisms. PT association with increased strain 
virulence is of high interest to public health workers dealing with STEC O157 and 
the replacement of phage-typing with whole genome sequencing should 
incorporate our knowledge of phage type and associated virulence. For this reason 
it is valuable to find the molecular markers associated with high frequency and 
highly pathogenic phage types; elucidating the determinants underpinning 
differences in phage typing should contribute to this. 
	
Phage-mediated therapies will continue to be an area of interest as society 
struggles with resistance to conventional antibiotics. It makes sense that moving 
forward there will be considerable interest in being able to predict bacterial 
susceptibility to ‘treatment’	phages based on sequence information alone. 
Furthermore, the next step would be modification of specific phages to improve 
their targeting/activity. This will rely on understanding of the phage genes that 
govern the specificity of infection in different backgrounds. The place to start is 




In this chapter, the STEC O157 typing phages were clustered into four distinct 
groups of similar genomic sequences that broadly correlated with PT profile 
groups determined by two-way Euclidian clustering.   Genetic variation within the 
TP groups may explain the subtle differences between the phage typing profiles 
exhibited by the STEC O157 TPs.  This analysis was hindered by the lack of 
detailed annotation of protein encoding genes in T4 and T7-like phages.  The 
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impact of the order of transcription of the blocks of genetic loci and the role of 
host-induced modification further confound the analysis.  However, sequencing 
the TPs has enabled the identification of the variable genes within each group and 
to determine how these correspond to changes in PT.  Subsequent parts of this 
thesis focus on the genes that appear to alter host-phage interactions and aim to 
identify bacterial genes that influence TP resistance and susceptibility using 
random mutagenesis approaches. In order to understand the best combination of 
strains and individual phages to work with for phage therapy, the network of 
interactions needs to be analysed. This information can also provide insight into 
how phage typing can potentially be simplified in the future. A better 
understanding of the genetic differences between bacterial PTs, and the possible 
differences in virulence factors, could help elucidate why different PTs occupy 








Chapter 3: Effect 
of the loss and 
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In the last 25 years, strain replacement has been observed in the UK population of 
STEC O157 with the replacement of the PT2 phenotype with the PT21/28 
phenotype [6] (fig. 1.5). The same study established that the direct ancestor of 
the now dominant PT21/28 clone is a PT32 strain. The highly successful PT21/28 
clone accounts for >30% of clinical cases in the UK. This is because it has the stx2a 
genotype, either alone or in combination with stx2c, which is associated with 
disease severity.  The PT32 ancestor of the PT21/28 clone had stx2c but was stx2a 
negative.  This chapter describes an investigation into whether the gain of stx2a 
was responsible for increase in clinical cases associated with this clone and the 
phage type conversion. 
In this chapter, it was established that the removal of the Stx2a phage from a 
PT21/28 strain resulted in the conversion of the strain to PT32. To further 
establish the mechanism by which this happened, two closely related strains with 
the same Stx2a subtype, one of the PT21/28 phenotype and one of the PT32 
phenotype, were compared genotypically. I analysed the variation on the Stx2a 





3.2.1 stx lysogen deletion from STEC O157 strains 
	
The lysogen curing was conducted by Sean McAteer in the laboratory of Prof. 
David Gally. 
Lysogen curing is a naturally-occurring process in every lambdoid lysogen 
population. It results in loss of cI, the gene required for repression of pL. This loss 
of repression results in expression of tetracycline resistance (TcR)  from the pTOF 
construct. The results in selection of the lysogen-cured strain from the population. 
The pTOF construct is thermosensitive (ts), which allows for it to be eliminated 
from the lysogen-cured strain. 
The tetracycline resistance gene (TcR) CDS and native ribosome binding site 
without promoter from pBR322[116] were amplified by PCR using the Nt-PstI/-BglII 
and Ct-XholI primers: 
Nt-pTOF24-TcR 
aaa ctgcag agatct taacgcagtcaggcaccgtgtatg 
Ct-pTOF24-TcR 
aaa ctcgag cgaggtgccgccggcttccattca 
 
The fragment was cloned into pTOF24 [117], and colonies exhibiting 
chloramphenicol resistance (CmR) and screen kanamycin sensitive (KmS)  and 
tetracycline sensitive (TcS) were selected and designated pTOF-TcR.  
The OL (operator for leftward transcription, binding sites for CI and Cro repressors) 
and PL (left promotor) were amplified by PCR from the STEC O157 lysogen using 
the 5’-PstI and 3’BGlII primers: 
Stx2c phage: 
5'-Sp5pL-PstI-IF 








gtctcggtacccgac ctgcag ctttgcctcacgttcgcccacc 
3'-560stx2pL-BglII-IF 




The fragment was cloned into pTOF24-TcR and colonies exhibiting CmR and TcR to 
give pTOF24-OL/PL-TcR were selected. pTOF24-OL/PL-TcR was transformed into the 
lysogen and colonies exhibiting CmR were selected. TcR was confirmed to be lower 
in lysogen than non-lysogen and sponstaneous lysogen-cured with TcR was then 
selected and purified. Lysogen curing was verified by junction PCRs andpTOF24-
OL/PL-TcR was removed from spontaneous lysogen-cured colonies. 
3.2.2 Stx2a prophage comparison on 16438 and 9000 
	
Long read PacBio sequenced complete genomes of strain 16438 (PT32 Stx 2a/2c) 
and strain 9000 (PT21/28 Stx 2a/2c) were compared to investigate the prophage 
Stx2a region of the genome. The Stx2a prophage was inserted in the same place 
and only varied by a few genes. These were compared in the genome comparison 
programs Mauve [118] and sequence identity between the two strains was 






Figure 3.1 Sequence extraction from the 16438 (PT32) genome containing the cro 
coding DNA sequence (CDS) in red and the cI CDS in blue. The amino acid 
sequence of each CDS is translated from the DNA sequence and listed below. 
The cI CDS (blue region in fig. 3.1) was amplified from 16438 using primers listed 









































Table 3.1 A table listing the nucleotide sequence of primers to clone cI and cro 
from strain 16438 into the cloning vectors pACYC184 and pWKS30. 
Primers for cloning cI CDS plus pRM into pACYC184 
	Nt-557stx2a/cI-pACYC184 Ct-557stx2a/cI 
aaaaa gtcgac TTAGTGCCTCCGTTTATCACAC aaaaa ggatcc ATCAGCTATGTGACGATGAAG 
Primers for cloning cI CDS plus rbs into pWKS30 
Nt-557stx2a/cI-pWKS30 Ct-557stx2a/cI 
aaaaa gtcgac AAATAGAGGGAAAATTGTGAG aaaaa ggatcc ATCAGCTATGTGACGATGAAG 
Primers for cloning cro-cI into pACYC184 
Ct-560stx2a/cro-pACYC184 Ct-557stx2a/cI 
aaaaa ggatcc TTGTGAAAATAGCGGTGTTAC aaaaa ggatcc ATCAGCTATGTGACGATGAAG 
 
Cloned products were confirmed with sanger sequencing. The fragments were 
cloned into pACYC184 [120] and  TcR were selected to give pACYC184-16438-pRM-
CI. TcR was cloned into pWKS30 [121] and  ApR was selected to give pWKS30-
16438-rbs-CI. This was transformed into strain 9000 by electroporation and TcR 
was selected for pACYC184-16438-pRM-CI and ApR for pWKS30-16438-rbs-CI . 





Figure 3.2 Sequence extraction from the 9000 (PT21/28) genome containing the 
cro coding DNA sequence (CDS) in red and the cI CDS in blue. The amino acid 
sequence of each CDS is translated from the DNA sequence and listed below. 
The cI CDS (blue region in fig. 3.2) were amplified from 9000 using primers listed 











































Table 3.2 A table listing the nucleotide sequence of primers to clone cI and cro 
from strain 9000 into the cloning vectors pACYC184 and pWKS30. 
Primers for cloning cI CDS plus pRM into pACYC184 
Nt-560stx2a/cI-pACYC184 Ct-560stx2a/cI 
aaaaa gtcgac TAGGAATATCCTTTTTCGTAC aaaaa ggatcc ACCAGCTATGTGACGATGAAG 
Primers for cloning cI CDS plus rbs into pWKS30 
Nt-560stx2a/cI-pWKS30 Ct-560stx2a/cI 
aaaaa gtcgac AAGTGCTTTAGTATCGTACTC aaaaa ggatcc ACCAGCTATGTGACGATGAAG 
Primers for cloning cro-cI into pACYC184 
Ct-560stx2a/cro-pACYC184 Ct-560stx2a/cI 
aaaaa ggatcc TTGTGAAAATAGCGGTGTTAC aaaaa ggatcc ACCAGCTATGTGACGATGAAG 
  
Cloned products were confirmed with sanger sequencing. The fragments were 
cloned into pACYC184 [120] and TcR were selected  to give pACYC184-9000-pRM-
CI. TcR was cloned into pWKS30 [121] and ApR was selected to give pWKS30-9000-
rbs-CI. This was transformed into strain 16438 by electroporation and TcR was 
selected for pACYC184-9000-pRM-CI and ApR for pWKS30-9000-rbs-CI . 
Susceptibility to typing phages 6 and 13 was tested. 
3.2.4 Biolog Phenotyping Microarray 
	
A single isolated colony of strains 9000 and 1460 (table 3.3) was grown in difco 
broth overnight.  Into phenotyping microarray (PM) plates  1 (Biolog, Inc., 
Hayward, CA), 100 ul/well was added.  The plates were incubated at 33oC for 48 
hours using the Omnilog II Combo System (Biolog, Inc., Hayward, CA). The output 
data from the Omnilog was imported into the opm package in R for analysis [122]. 
3.3 Results 




Lysogen curing of strains 9000 and 10671 from the UK IPRAVE study [123] for both 
the Stx2a and Stx2c, individually and together, revealed the loss of Stx2a changed 
the bacteriophage susceptibility phenotype from PT21/28 to PT32. The lysogen 
curing effect on PT is listed in detail in table 3.3. It is clear from these results 
that the loss of Stx2c does not affect the PT21/28 phenotype but that the loss of 
Stx2a as a whole phage results in the switch in PT. It is also evident that the loss 
of the whole phage is required and not the toxins alone as was shown by 1599 
remaining PT21/28. 
Table 3.3 A table that lists the PT and Stx content of original and lysogen cured 











From these results, it was evident that a component of the Stx2a phage was 
responsible for the resistance to typing phages 6 and 13 observed in the PT21/28 
phenotype but not in the PT32 phenotype. Chapter 2 established that phages 6 
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and 13 are both members of the group 2 typing phages and are very closely 
related. This means that the resistance to one is likely to also confer resistance to 
the other and it may be caused by just one gene. These results also support the 
hypothesis that the PT21/28 clade emerged from the PT32 clade of STEC O157 
with the acquisition of Stx2a [6].  
A clade of strains belonging to PT32, identified as the progenitor strains of 
PT21/28 (fig. 3.3), had acquired the stx2a-encoding phage but had retained the 
PT32 pattern – ie. susceptibility to TP 6 and 13. A member of this clade (16438) 
was chosen to compare to 9000 to see how genotypically similar the Stx2a region 
was in the two strains, the hypothesis being that one or some of the genes that 











Figure 3.3 Section of a phylogenetic tree of  STEC O157 showing the evolution of 
the the PT21/28 UK prevalent clade from the PT32 clade. Strains 16438 and 9000 
are highlighted in red. 
3.3.2 High level of similarity between strain 16438 and 9000 Stx2a prophage 
regions 
	
The Stx2a prophage region is 50kbp and was inserted in the same place in the two 
strains. A blast comparison of the 16438 Stx2a prophage region and the 9000 Stx2a 
prophage region revealed a 99% identity at a 93% coverage level. Further analysis 
of the regions that differed in Mauve revealed that there were several genes that 
were unique to each phage and that there were changes in insertion element 
positioning. The changes are detailed in figure 3.4. 
Two transposase mediated IS regions had changed position between the two 
strains but this is not likely to have effected PT. More interestingly there were 
twelve genes that were found in one Stx2a phage but not the other. Five of these 
were hypothetical proteins but of note there was a completely unique 
serine/threonine kinase only found on the strain 9000 stx2a region.  
The N terminal variation in the CI repressor was of interest because bacteriophage 
use CI to maintain lysogeny. During lysogeny CI is the only protein being expressed 
by a prophage that represses transcription and induction of the bacteriophage 
[124]. The presence of CI also causes immunity to superinfection by other lambda 
phages [125]. It was therefore necessary to test whether the constitutively 
expressed CI from stx2a in 9000 repressed lytic phage activity, indicating that the 







Figure 3.4 A schematic diagram of the regions that vary between the Stx2a 
prophage region in strain 9000 and strain 16438 drawn with easyfig [106]. The 
arrows represent the genes on each genome and the blast hits between the two 
strains are represented by the blocks of grey between them. Orange arrows are 
the genes that are the same in both strains, green are genes that are different in 
strain 9000, blue is genes that are different in strain 16438 and yellow is used to 
mark the CI repressor protein that varies at the N terminal end between the two 
strains. 
3.3.3 CI cloning 
	
CI effect on phage susceptibility was tested by cloning the CI CDS from strain 
16438 into strain 9000 and the CI CDS from strain 9000 into 16438. The constructs 
were then tested with typing phages 6 and 13 to look for a change from WT 
susceptibility to construct resistant and vice versa. Unfortunately, neither cloning 
vector plasmid (pACYC184 and pWKS30) transformation into strains 9000 or 16438 
changed the phage type susceptibility from the WT.  
3.3.4 Change in substrate utilization of Stx2a knockouts 
	
To test whether the Stx2a phage has any effect on the metabolism of the host, a 
selection of substrates were assayed using the biolog phenotyping arrays. The 
Stx2a knockout had showed increased utilization in 31 substrates compared to the 
WT (table 3.4). These included Dextrin, D-Trehalose, α-D-glucose, D-Mannose, D-
Fructose, Sucrose, Inosine, D-Raffinose, α-D-Lactose, D-Melibiose, β-Methyl-D-
Glucoside, N-Acetyl-D-Galactosamine,  N-Acetyl Neuraminic Acid, Glycerol, D-
Glucose-6-PO4(Hexose), D-fructose-6-PO4, Methyl Pyruvate, Glycyl-L-Proline, L-
Lactic Acid, L-Alanine, L-Aspartic acid, D-Malic acid, L-Serine, D-Galaturonic Acid, 
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L-Galacturonic Acid Lactone, D-Gluconic acid, D-Glucoronic acid, Glucuronamide, 
Proprionic Acid, Acetic Acid and Aztreonam. It also showed a large decrease in D-
Serine utilization. 
Table 3.4 A table that details the results of the Biolog phenotyping array from the 
Stx2a knockout 1460 compared to the WT 9000 on a list of metabolic substrates. 
Those substrates that have an increased utilization with a change in growth rate 
>10 are highlighted in yellow. The log2 rate of formazan production, measured as 
log2[(A590-A750)/hr] is shown in backets. The decrease in D-Serine utilization is 




























































































































































































































































































The PT21/28 phenotype is a UK specific clone that emerged suddenly around 25 
years ago and outcompeted PT2 to become the dominant STEC O157 clone in the 
UK. This clone is associated with more severe disease and it poses a significant 
public health threat and is responsible for hundreds of domestically acquired STEC 
O157 cases every year. It is likely that the emergence of this highly pathogenic 
PT21/28 clone is linked to the high incidence of STEC O157 in the UK in relation to 
other countries. The work in this chapter showed that this clone emerged when 
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the PT32 ancestor acquired Stx2a. It is likely that the clone rapidly became 
successful due to increased pathogenicity, bacteriophage resistance and metabolic 
adaptation. 
The Stx encoding prophage region is an important marker for clinical severity but 
can also be used as a marker for determining the environment or geographical 
region that the strain has come from. Knowing the geographical source of the 
strain is highly important for epidemiological tracking of outbreaks and certain Stx 
phages may be more associated with certain environments or regions [126]. 
Ruminants are almost invariably the original source of STEC O157 but variants of 
the prophage family seen in different strains may reveal the evolutionary history 
of a strain and the source or environment of origin. It is clear that strains 16438 
and 9000 have come from a similar environment and are closely related with 
respect to both their core and accessory genome, including  their prophage 
content. However, the two strains have undergone separate selective pressures 
that have resulted in varying Stx2a prophages. This has resulted in a phenotypic 
difference in the lytic phage susceptibilities of these strains (susceptibility to 
typing phages 6 and 13) and the resulting phage type. 
This analysis showed that the presence of the variant CI alone was not sufficient 
to change the PT but it was hypothesized that the CI may also need Cro to be 
plasmid-encoded. Even though the Cro region is the same in both strains, it might 
be that the CI requires Cro to be present on the same expression vector and 
expressed in tandem. This would mean that any interactions they may have that 
could be causing the change in PT would be more likely to happen. It will be 
interesting to see if Cro has any effect on PT in future studies. It may also be 
required that the CI is provided on the full bacteriophage background and not as 
single gene clones for the same observed phenotypic change. It is known that the 
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Cro and CI repressors together form a helix-turn-helix superfamily [127] and Cro is 
used to turn off early gene transcription during the lytic cycle [128]. The two 
repressors may be in communication with each other to perform immunity to both 
lytic and lysogenic phages in partnership.  
The unique genes found on Stx2a prophage region in 16438 could be associated 
with the infectivity of typing phages 6 and 13 but it is far more likely that the 
unique genes found on the Stx2a prophage region in 9000 are responsible for the 
increased bacteriophage resistance seen in the PT21/28 strain. This is because the 
new prophage genes are more likely to confer superinfection immunity by some 
mechanism that has been documented in numerous studies[125, 129] but prophage 
genes have not yet been implicated in susceptibility. Apart from CI and the 
Serine/threonine kinase, the other unique genes are all annotated as hypothetical 
proteins so it was difficult to speculate what involvement they might have.  
The unique Serine/Threonine kinase was of interest because the presence of Stx2 
is known to have an effect on the metabolism of the host [130]. The presence of 
Stx2a has been shown to metabolically restrict the host for 31 substrates as the 
knockout strain showed increased substrate utilization for these 31 compared to 
the WT (table 3.4). Notably, the Stx2a knockouts of strain 9000 were shown to 
have decreased D-Serine utilization compared to the WT. Although the unique 
gene found on strain 9000 is annotated as a Serine/threonine kinase it may 
actually play a wider role in substrate utilization restriction and be associated 
with pathoadaptivity as well as potentially being involved in lytic bacteriophage 
resistance. Loss of metabolic activity may have resulted in this clone becoming 
pathoadapted to the bovine and/or human host, indicating that the gain of Stx2a 
provides multiple advantages to the STEC O157 in increased resistance to certain 
bacteriophages, pathoadaptivity and increased pathogenicity. 
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The evolution of the PT21/28 clade from the PT32 ancestor by the addition of 
Stx2a and its subsequent success in terms of clinical prevalence, is evidence of the 
increasing pathogenicity of STEC O157 and the danger that it poses. The potential 
for Stx negative E. coli strains to gain a Stx prophage is high in certain 
environments [131]. This also applies to the gain of additional Stx prophage 
regions in addition to those present in stains of STEC O157. There is a diversity of 
free Shiga toxin encoding bacteriophages that have been found in sewage in 
multiple countries [132] and environments contaminated with cattle faeces [133]. 
The work in this chapter has indicated that not only does the gain of a Stx2a 
phage provide pathogenic potential to a strain of STEC O157 but it also provides 
immunity to some bacteriophages and therefore may confer an evolutionary 
advantage. 
Interestingly the difference between PT1 and PT8 is also the gain in resistance to 
TP 6 and 13 in PT1. So it is possible that they might also have gained this 
resistance by a similar mechanism to the PT32 > PT21/28 switch. This could be 
tested by comparing the Stx2a prophage regions in closely related PT1 and PT8 
strains, in a similar way to the analysis done in this chapter. It would be 
interesting to see if any unique genes found on a Stx2a prophage region in PT1 
were the same as those observed in strain 9000. 
3.5 Conclusions 
	
The work described in this chapter demonstrates that the deletion of the Stx2a 
prophage region from a PT21/28 strain converted it to PT32. Bioinformatic 
analysis revealed that both the PT32 and PT21/28 strains had very similar Stx2a 
prophage regions that were inserted into the same place. The Stx2a prophages 
only varied by a limited number of genes so it was concluded that one or a 
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combination of these unique genes were responsible for the altered phenotype. 
The initial hypothesis that the presence of the CI repressor had an impact on 
phage susceptibility was not proven. More experimental cloning work is required 
to investigate this further. It was proposed that the unique Serine/threonine 
kinase had the potential to alter the phage susceptibility phenotype. However, 
this work has provided valuable evidence that the highly successful PT21/28 clone 
that accounts for >30% of clinical cases in the UK evolved from a PT32 ancestor 
with the acquisition of the Stx2a phage. The prophage region conferred an 
advantage to the strain in terms of bacteriophage resistance, enhancing the 
chances of survival in the bacteriophage colonized human and bovine guts. This 
clone has expanded rapidly since the acquisition of Stx2a and is now the most 





Chapter 4: Impact 














The initial hypothesis for the project was that analysis of whole genome short 
read sequences of ~250 strains of STEC O157 would highlight genetic variation that 
would correlate with phage type and elucidate the molecular mechanisms of 
phage type/ host interactions. It became clear with the use of short read 
sequencing that the genetic relatedness of PT was a complicated issue and that it 
may not always be the same mechanism causing the same PT. It also became clear 
that to study mobile elements that could be influencing PTs long read sequencing 
technology would be required in order to provide better assembly of highly 
repetitive regions like plasmids or prophages. In this chapter, long read 
sequencing was used to investigate two closely related outbreaks that involved 
two associated strains of different PT to identify genetic variation responsible for 
the change in PT.  
4.2 Methods 
4.2.1 Selection of a range of STEC O157 strains of various PT to analyse with 
short read sequencing 
	
20 outbreak and non-outbreak strains of varying phage type were selected (fig. 
4.1), to try to obtain a cross-section of common PTs phylogenetically closely 
related as well as not, for closer analysis. Two PT 14s, six PT 8s, three PT 54s, 




Figure 4.1 Maximum likelihood phylogenetic tree of strains selected for short read 
PT analysis with Sakai as a reference strain. 
 
4.2.2 Heat-map comparison of short read sequences of various PTs 
	
A heatmap of gene by gene homology was drawn to see if any correlations could 
be ascertained for different PTs. The strains were sequenced with Illumina 
technology, assembled with velvet [93] and annotated using prokka [94] from 
which the coding sequences were extracted. The identified genes were BLASTed 
[119] against each other to identify homologous genes and gene families were 
created using single linkage mode clustering at 85% sequence identity and >= 90% 
overlap with T-cluster. The heatmap was then viewed in Java TreeView [134] and 





Figure 4.2 Screenshot of Java Treeview displayed heatmap that facilitates 
browsing through strains selected and observation of homology between shared 
proteins. Red indicates presence and black indicates absence of a gene. 
	
4.2.3 Outbreak investigation 
	
An investigation based on two associated outbreaks of STEC O157 with differing 
PTs from the same food outlet in 2012 was undertaken. In August 2012, four cases 
of STEC O157 PT8 were associated with visiting the food outlet.  In October 2012, 
over 145 cases of STEC O157 PT54 all reported eating at the same restaurant. 




As part of the outbreak investigation eighty-nine isolates were selected for whole 
genome sequencing, including six from the August PT8 cluster and 53 from the 
PT54 cluster in October, and 30 isolates of STEC O157 from temporally and 
geographically related sporadic cases isolated between June and November 2012. 
Genomic DNA was fragmented and tagged for multiplexing with Nextera XT DNA 
Sample Preparation Kits (Illumina) and sequenced at the Animal Laboratories and 
Plant Health Agency using the Illumina GAII platform with 2x150bp reads.   Short 
reads were quality trimmed [136] and mapped to the reference STEC O157 strain 
Sakai (Genbank accession BA000007) using BWA-SW [137].  The Sequence 
Alignment Map output from BWA was sorted and indexed to produce a Binary 
Alignment Map (BAM) using Samtools [137].  GATK2 [138] was used to create a 
Variant Call Format (VCF) file from each of the BAMs, which were further parsed 
to extract only single nucleotide polymorphism (SNP) positions which were of high 
quality (MQ>30, DP>10, GQ>30, Variant Ratio >0.9).  Pseudosequences of 
polymorphic positions were used to create maximum likelihood trees using 
RaxML[139].  Pair-wise SNP distances between each pseudosequence were 
calculated. Spades version 2.5.1 [95] was run using careful mode with kmer sizes 
21, 33, 55 and 77 to produce de novo assemblies of the sequenced paired-end 
fastq files.  FASTQ sequences were deposited in the NCBI Short Read Archive 
under the BioProject PRJNA248042.     
4.2.5 PacBio sequencing 
	
One isolate of STEC O157 PT8 (ref 644-PT8) and one belonging to PT54 (ref 180-
PT54) from the outbreak were selected. High molecular weight DNA was extracted 
using Qiagen Genomic-tip 100/G columns and a modification of the protocol 
previously described by Clawson et al. (2009)[140].  Ten micrograms of DNA was 
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sheared to a targeted size of 20 kb using a g-TUBE (Corvaris, Woburn, MA) and 
concentrated using 0.45X volume of AMPure PB magnetic beads (Pacific 
Biosciences, Menlo Park, CA) following the manufacture’s protocol.  Sequencing 
libraries were created using 5 micrograms of sheared DNA and the PacBio DNA 
SMRTbell Template Prep Kit 1.0 and fragments 10 kb or larger selected using a 
BluePippin (Sage Science, Beverly, MA) with the smrtbell 15-20 kb setting.  The 
library was bound with polymerase P5 followed by sequencing on a Pacific 
BioSciences (PacBio) RS II sequencing platform with chemistry C3 and the 120 
minute data collection protocol.  
A fastq file was generated from the PacBio reads using SMRTanalysis and error-
corrected reads were created using PBcR with self-correction [141].  The longest 
20X coverage of the corrected reads were assembled with Celera Assembler 8.1.  
The resulting contigs were polished using Quiver [142] and annotated using a local 
instance of Do-It-Yourself Annotator (DIYA)[143].  The annotated genome 
sequence was imported into Geneious (Biomatters LTD., Auckland, New Zealand) 
and duplicated sequence removed from the 5’ and 3’ ends to generate the 
circularized chromosome.  The origin of replication was approximated using 
OriFinder [144] and the chromosome reoriented using the origin as base 1. PacBio 
sequenced strain 180-PT54 is available under accessions CP015832 for the 
chromosome and CP015833 for the plasmid. 
4.2.6 MinION sequencing 
	
DNA from isolate 644-PT8 was extracted using the STRATEC molecular invisorb spin 
minikit and diluted to a concentration of 1ug of genomic DNA in 50ul of water. 
The MinION library was prepared using the SQK-MAP006 genomic sequencing kit 
according to the manufacturer’s instructions and sequencing was performed on a 
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Mk1 MinION with a Mk1 flow cell. 
~76000 reads were produced and 26 fold passing 2D coverage of the genome was 
achieved. The long read assembly program Canu [141] was used to assemble the 
long reads and two chromosomal contigs were produced. The assembly of isolate 
644-PT8 showed greater concordance with the synteny of isolate 180-PT54 than 
the assembly of the PacBio sequencing had produced, but was still not resolved in 
a similar region. 
OpGen mapping for the strain was obtained from a commercial provider. The isolate 
644-PT8 was rotated using OriFinder to have the same point of origin as isolate 180-
PT54 strain for comparison. The genome was then annotated using PROKKA [94]. 
MinION sequenced strain 644-PT8 is available under accession CP015831. 
4.2.7 Analysis of the accessory genome using long read sequences 
	
The two annotated PacBio assemblies were analysed in PHAST [145] which 
identifies complete and incomplete prophage regions and their constituent genes.  
The gene annotations and their sequences for each strain were compared to each 
other with blastn [119]. Unique genes were extracted from the results if they had 
no match at greater than 70% nucleotide identity and overlap to any of the 
annotated genes in the other strain using a reciprocal blast approach. 
NUCMER [146] was used to align the two assemblies and to identify single 
nucleotide polymorphisms, ambiguous alignment SNPs were excluded. 
Gene annotations were extracted from the genbank file and resistance 
annotations were manually analysed for differences between the two strains. 
Plasmid differences were visualised in Mauve [118]. The plasmid from isolate 180-
PT54 was graphically visualised using BRIG [105] and compared to other IncHI2 
plasmid sequences found in Genbank that were highly similar by blast at >98% 
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identity and >60% coverage (Accession numbers KM877269.1, JN983042.1, 
BX664015.1, DQ517526.1, EF382672.1, LN794248.1, LK056646.1, EU855787.1, 
KP975077.1, EU855788.1, CP011601.1, CP008906.1, CP008825.1, CP012170.1 and 
CP006056.1). 
4.2.8 Plasmid conjugation 
	
Nalidixic resistant (NalR) colonies of 644-PT8 were isolated from overnight culture 
on LB-agar with 20ug/ml Nal. Conjugation was performed on LB-agar by co-
streaking donor strain 180-PT54 and recipient spontaneous NalR of 644-PT8. Co-
streaked growth harvested in Phosphate-buffered saline then plated onto LB-agar 
with 20ug/ml Nal and 10ug/ml Cm. Resistant colonies purified by streaking onto 
fresh plates of 20ug/ml Nal and 10ug/ml Cm.  
4.2.9 Acid Resistance Assays 
	
Acid resistance assays were performed as described previously [147]. Briefly, cells 
were cultured overnight in either LBG (Luria-Bertani (LB) broth + 0.4 % glucose), 
LB buffered with 100 mM morpholinepropanesulfonic acid (MOPS pH8) or LB 
buffered with 100 mM morpholineethanesulfonic acid (MES pH 5.5). Overnight (22 
h) stationary phase cultures were diluted 1:1000 into pre-warmed minimal E 
glucose (EG) media, pH 2.5. The glutamate and arginine dependent systems were 
tested by growing cells overnight in LBG and diluting cultures into EG pH 2.5 
supplemented with either 1.5 mM glutamate or 0.6 mM arginine, respectively. The 
glucose repressed system was tested by growing cells overnight in LB-MES pH 5.5 
followed by dilution in EG pH 2.5. Overnight cultures grown in either LB-MOPS (pH 
8) or LBG followed by dilution in un-supplemented EG were used as acid-sensitive 
controls for the glucose-repressed and glutamate or arginine-dependent AR 
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systems, respectively. Viable cells were enumerated at t = 0 and t = 4 h and used 
to calculate % survival.  
4.2.10 Fitness assays  
	
Fitness of 180-PT54 relative to 644-PT8 was calculated as described previously 
[148]. Viable-cell counts for each competing strain were determined at time zero 
(t =0) and again after 24 h of co-culturing by selective plating. Fitness was 
calculated using the formula: 
Fitness index (f.i.) = LN (Ni (1)/ Ni (0)) / LN (Nj (1)/ Nj (0)), 
Where Ni (0) and Ni (1) = initial and final colony counts of strain 180-PT54, 
respectively and 
Nj (0) and Nj (1) = initial and final colony counts of strain 644-PT8, 
respectively[148]. 
4.2.11 Biolog Phenotyping Microarray 
	
A single isolated Shiga toxin-containing Escherichia coli O157:H7 colony was grown 
on BUG+B agar overnight at 33oC.  A sterile swab was used to transfer cells from 
the plate into inoculating fluid 0 (IF-0) to a turbidity of 43% T (transmittance) and 
addition IF-0 with dye was to a final cell density of 85% T.  For phenotyping 
microarray (PM) plates  1 and 2 (Biolog, Inc., Hayward, CA), 100 ul/well was 
added.  PM plates 3, 4, 6, 7 and 8 were supplemented with 20mM sodium 
succinate and 2 uM ferric citrate before 100 ul was added to each well [149].  All 
plates were incubated at 33oC for 48 hours using the Omnilog II Combo System 
(Biolog, Inc., Hayward, CA). The output data from the Omnilog was imported into 
the opm package in R for analysis [122]. 
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4.3 Results  
4.3.1 Short read sequencing Heatmap analysis 
	
The clustering of gene families highlighted 8001 gene families in the pangenome 
of the 20 strains and of these 4082 were found in all strains so were regarded as 
the core genome. The remaining 3919 gene families were only found in subsets of 
the 20 strains so were considered to be members of the accessory genome.  This 
was a very large proportion of accessory vs core genome and indicated that finding 
discriminatory gene differences between different PTs would be difficult. The 
heatmap (fig. 4.2) comparison showed that the differences between PTs were 
both plentiful and ambiguous. This is likely to be due to the poor assemblies that 
STEC strains produce when using short read sequencing. High phage content of 
STEC strains makes assembly very difficult. The repetitive nature of phage content 
makes reads difficult to place within the genome and results in a large number of 
short contigs that cannot be resolved. Long read sequencing was employed to 
explore on an examplar pair of strains from an outbreak that were isogenic and 
epidemiologically linked in an attempt to resolve this issue.  
4.3.2 Short read sequencing analysis demonstrates the outbreak strains are 
closely related and were not endemic 
	
All 145 cultures were received at the reference laboratory from cases linked to 
both the August and October clusters and were typed by phage typing and MLVA 
[40, 135]. The outbreak MLVA profile for all the outbreak associated strains 
isolated in August and those from cases in October was ?-8-12-4-5-2-8-3. The 
profile showed a high degree of variation at VNTR locus #3 but all isolates were an 
Single Locus Variant (SLV) of each other.		Isolates that have the same MLVA profile 
or a SLV of that profile are regarded as microbiologically linked [40].  MVLA 
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analysis had revealed that isolates from both the PT54 and PT8 outbreaks 
clustered together and that, despite their different PTs, the two occurrences of 
STEC O157 at the food outlet were likely linked so an investigation into their 
degree of relatedness was undertaken.  
Analysis of Illumina sequences indicated that all four isolates from the August PT8 
outbreak had identical core genome sequences. There were three-SNP differences 
in the core genome between the PT8 isolates from August and the PT54 isolates 
from October and two of these SNPs were unique to the August PT8 cluster. The 
maximum distance between isolates within the October PT54 cluster was 4 SNPs, 
including acquisition of a maximum of 2 SNPs from a common haplotype. BEAST 
analysis [150] of STEC WGS data predicts ~2.5 SNPs per year. Therefore it is likely 
that their last common ancestor was ~1 year before these public health incidents 
[6]. The unique SNPs observed in the isolates belonging to each cluster indicated 
that the PT54 cluster did not directly evolve from the PT8 cluster rather that they 
share a very recent common ancestor.   Furthermore, it was evident that the PT8 
and PT54 strains were closely related to each other but genetically distinct from 
strains of STEC O157 circulating in the local population (fig. 4.3). Strains held in the 
Public Health England (PHE) STEC O157 WGS database that clustered most closely 
with the outbreak strains were associated with foreign travel to Egypt and Israel 
(fig. 4.4). Although the precise source was never identified by the large 
investigation that followed the outbreaks, the strain is likely to have been imported 
in contaminated food with the larger outbreak exacerbated by an infected food 






Figure 4.3. Maximum likelihood phylogenetic tree of STEC O157 strain selection of 
various PTs in PHE database associated with domestically acquired infection and 
travel related cases. SNPs called on core genome via a mapping technique against 
the reference strain Sakai. Outbreak strains shown in blue and local background 











Figure 4.4. Maximum likelihood phylogenetic tree of outbreak strains and most 
closely related strains in the Colindale database that are associated with foreign 
travel to Egypt and Israel. The blue branches represent strains that are associated 
with travel to Egypt and Israel, the pink branches represent the original PT8 
outbreak and the red branches represent the later PT54 outbreak. 
 
	
4.3.3 PT8 and PT54 finished genomes 
 
The PacBio sequencing assembled the genome of the PT54 isolate 180 into one 
contig and the genome of PT8 isolate 644 into two contigs. Difficulties with the 
assembly of isolate 644 were a result of the reorganized synteny of the genome 
compared to the closely related PT54 isolate.  
From comparison of the MinION assembly and the OpGen map, it was clear that 
the assembly was distrupted because of a 200kbp inverted repeat in the genome 
that constituted the second smaller contig in the assembly. The contig was 
inserted twice into the larger contig to line up the NCol sites found in the OpGen 
map. The results of this can be seen in figure 4.5. It was found that the 







gain a single contig for the strain. The OpGen map of isolate 644 revealed that it 
was 5.8mb in length and the addition of the 200kbp repeat resolved the final 
assembly to that length. 
 
Figure 4.5. OpGen map alignment with MinION assembly of the PT8 strain with 
smaller contig inserted twice. The NCol sites are joined up by single black lines 
clearly showing two regions with the same NCol sites that can each be mapped to 
two regions. All NCol sites have lined up nicely indicating a correct assembly.  
 
	
4.3.4 Prophage profiling and chromosomal differences between specific PT8 
and PT54 isolates based on long read sequencing methods 
 
14 prophage regions were shared between the representative isolates of the PT8 
and PT54 clusters (fig. 4.6).  In addition to the 14 shared prophage regions, 180-
PT54 had gained one small prophage region of 24,874bp located at 2281433-
2306307bp and 644-PT8 had acquired one small prophage region of 20,818bp located 
at 4773172-4793990bp. In addition, the genome of 644-PT8 had three repeated 
prophages within the 200kbp inverted repeat (fig. 4.6). Two shared prophage 
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regions, designated P7 and P8 were similar prophages that showed variation 
between the two representative isolates, indicative of recombination that had 
contributed to the inverted repeat (figs. 4.6 and 4.7).  
The unique gene differences within the chromosome of each strain are listed in 
appendix table 7.2. They are also represented in a schematic diagram (fig. 4.6). 
644-PT8 had 82 unique genes on the chromosome, 79 of which were prophage 
associated. 180-PT54 had 30 unique genes, 27 of which were prophage associated. 
The non-prophage associated unique genes were all hypothetical proteins apart 
from an ilvB operon leader peptide found only in 180-PT54. 
Whole genome alignment using NUCMER identified 29 SNPs between the two isolates 
(644-PT8 and 180-PT54) in fully aligned regions. The SNP locations and base changes 
are detailed in table 4.1. This was higher than the 3 SNPs identified between the 
‘core’ genomes based on the short read sequencing but 26 of these SNPs were found 
in the P7 and P8 shared prophage regions; providing further evidence that these 






Figure 4.6. Schematic diagram representing accessory genome variation between 
PT8 and PT54 strains. Blue squares represent shared prophage regions, the orange 
square represents a unique PT54 prophage region and green squares represent 
unique PT8 prophage regions. Orange triangles represent location and number of 
unique genes for the PT54 strain and green triangles represent location and 
number of unique genes for the PT8 strain. SNPs are represented in red on the 
central line. Inverted repeat region underlined. PT54 strain unique plasmid 






Figure 4.7. BRIG plot showing genomic similarity between PT54  strain prophage 
regions and PT8  strain prophage regions. Central ring is Multifasta of PT54 
prophage regions(labelled on the outside) and each concentric ring represents 1 
prophage region of the PT8 strain (labelled along right-hand side). The darker the 
colour the greater the level of genomic similarity in that part of the region.  GC 






Table 4.1. Table listing the position and base change of all the SNPs found 
between the PT8 strain and PT54 strain in a whole genome alignment using the 
program NUCMER. The SNPs identified by the previous phylogenetic analysis using 
Illumina data are highlighted in bold, the third SNP identified by the phylogenetic 









1975308 G C 1974495 
2681706 C A 3282472 
2681715 T C 3282463 
2681722 T C 3282456 
2681730 T G 3282448 
2681757 T G 3282421 
2681766 G T 3282412 
2681775 A G 3282403 
2681784 C T 3282394 
2681788 G A 3282390 
2681796 T C 3282382 
2681823 G A 3282355 
2681833 G A 3282345 
2681835 C T 3282343 
2681844 A G 3282334 
2681847 G A 3282331 
2681865 G A 3282313 
2681973 C T 3282205 
2681976 C G 3282202 
2681977 T C 3282201 
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2681979 T A 3282199 
2681981 A C 3282197 
2681982 C A 3282196 
2681985 C A 3282193 
2833323 A C 3027880 
2894348 A G 3088905 
3048043 C A 3242600 
3048059 C A 3242616 
3048069 G A 3242626 
 
	
4.3.5 Plasmid acquisition by strain 180 (PT54) 
 
Both strains harboured pO157, the O157 virulence plasmid present in nearly all 
strains of STEC O157 [151]. However, isolate 180-PT54 acquired an additional 220 
genes introduced on an IncHI2 plasmid [152] not present in 644-PT8.  While both 
180-PT54 and 644-PT8 exhibited tellurite and tetracycline resistance, 180-PT54 was 
also resistant to chloramphenicol and streptomycin and this correlated with 
resistance genes located on the IncHI2 plasmid. The IncHI2 plasmid was predicted 
to encode at least six membrane proteins, a drug efflux pump, other resistance 
mechanisms including additional tellurite resistance and protection from exposure 
to heavy metal ions (mercury). It also encoded at least two DNA methylases (fig. 
4.8). Relatedness depicted in a BRIG plot (fig. 4.8) demonstrates the high similarity 




Figure 4.8. BRIG plot of 240kbp IncHI2 plasmid found in PT54 strain as central 
reference showing genomic similarity between it and other IncHI2 plasmids found 
in Genbank from various species of bacteria. Annotations shown in red on 
outermost ring. The darker the colour the greater the level of genomic similarity 
between the PT54 IncHI2 plasmid and the plasmid found in a different organism. 
The plasmid each colour refers to is labelled vertically on the right hand side. 
4.3.6 Phage type transition associated with plasmid acquisition 
 
It was hypothesized that the IncHI2 plasmid may be responsible for the difference 
in PT observed between the two outbreak clusters in August and October. To test 
this, the IncHI2 plasmid was conjugated into 644-PT8 and the conjugant was then 
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phage typed.  Acquisition of the plasmid, as defined by inheritance of 
chloramphenicol resistance, converted 644-PT8 to PT54.   Antibiotic resistance 
profiling demonstrated that the plasmid-associated resistance was present in all the 
PT54 isolates in this study indicating they all carried the IncHI2 plasmid associated 
with the PT transition. Analysis of the genes present on the plasmid (fig. 4.8) shows 
a number of determinants that could be associated with changes in phage resistance 
including tellurite resistance [158]. While both 644-PT8 and 180-PT54 have 
chromosomally-encoded Tellurite resistance, specifically terW, only 180-PT54 have 
terY and terX as these are present on the IncHI2 plasmid.  Methylase modification 
genes encoded on the plasmid are also potential candidates to confer resistance to 
specific bacteriophages [73].   
 
4.3.7 Increased fitness of the PT54 strain associated with the larger second 
outbreak 
	
Acquisition of IncHI2 plasmids commonly confers phage, antibiotic and heavy metal 
resistance thus increasing bacterial fitness under certain environmental conditions 
[159, 160]. Conversely an increased metabolic burden imposed by the 200Kbp 
inversion during DNA replication in strain 644-PT8 is likely to reduce fitness. To 
assess any differences in fitness, strains 644-PT8 and 180-PT54 were competed by 
co-culturing in LB-broth at 37°C and 25°C. Under both conditions 180-PT54 
significantly outcompeted 644-PT8 (Fitness index = 1.28 and 1.23, respectively). 
Fitness was therefore independent of culture temperature. Subsequently Biolog 
phenotypic microarrays were performed to determine the nature of the observed 
fitness increase. Comparable growth was observed for both strains for the majority 
of carbon, phosphorus and sulphur sources tested (data not shown) however growth 
of 180-PT54 was enhanced for multiple nitrogen sources, including certain amino 
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acids and dipeptides (fig. 4.9). This is in agreement with the observed increased 
fitness of 180-PT54 when cultured in LB-broth in which amino acids/short peptides 
are the primary carbon and nitrogen sources. In addition, growth of 180-PT54 was 
better than 644-PT8 when ammonia was the sole nitrogen source (fig. 4.9).  Of the 
multiple di- and tri-peptide nitrogen sources on which 180-PT54 grew better than 
644-PT8 many contained arginine or glutamate as part of their composition. E. coli 
possesses three acid resistance systems (AR) of which two are dependent on arginine 
and glutamate, respectively [161]. It was therefore tested if AR was altered in 180-
PT54 by the increased metabolism of arginine and glutamate relative to 644-PT8. 
For each AR system (glucose repressed, arginine and glutamate dependent) strain 
644-PT8 was significantly more resistant to acid shock when either pre-adapted in 
LB pH 5.5 or supplied with exogenous Arg or Glu (table 4.2). Without pre-adaptation 
however strain 180-PT54 was more acid resistant than 644-PT8 (p = 0.035). 
 
 
Figure 4.9.   XY Plots of respiration curves from Shiga toxin-containing Escherichia 
coli strains 180 and 644 grown in four nitrogen sources from Phenotype MicroArray 
plate PM03 and the negative control.  Each strain was run in duplicate on different 
day and indicated by the different colored curves.  The growth time in hours is on 
127	
	
the x-axis and reduction of the reporter dye was quantified as OmniLog units are 
represented on the y-axis 
 
Table 4.2. Table describing the results of the acid resistance assays performed on 









(pH2.5)	 PT54 PT8 
LB	pH8 EG 0.81 0.19 
  (0.45)	 (0.19)	
LB	pH	5.5 EG 4.10 38.79	
  (2.74)	 (3.39)	
LBG EG 14.77 7.23 
  (8.51)	 (5.08)	
 EG+Glu 21.72 52.70 







a Strains were adapted by overnight culturing in either LB pH5.5 or LBG before 
diluting 1:1000 in EG pH2.5 or supplemented EG.b The percentage survival was 
determined after 4 h of acid challenge. The mean % survival of six replicates (n = 6) 
is shown for EG challenge and three replicates (n = 3) for EG supplemented with 
either Glutamate (1.5 mM) or Arginine (0.6 mM). The standard deviation for the 
replicates is represented below the % survival in brackets. Without pre-adaptation 




The range of STEC O157 strains of various PT that were selected for Illumina 
sequencing and genome comparison, through a heatmap to look for gene 
association with PT, indicated that long read sequencing would facilitate this 
study. To define gene association with specific PTs good evidence of specific 
genes/alleles being the key difference or similarity between strains that are 
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different or the same PT respectively was required. The accessory genome for 
STEC O157 is very large so differences between even closely related strains are 
multiple, even the exemplar isogenic strains that were long read sequenced had 
82 and 30 genes unique to each of them. For this reason long read sequencing was 
used to look at mobile elements such as prophages or plasmids and  other 
powerful molecular techniques such as TraDIS (chapter 5) to discriminate and 
provide a selection for genes that are involved in PT were employed. 
 
Phylogeny techniques based on ‘core genome’ sequence analyses have made a 
significant contribution and provide added insight in to epidemiological 
investigations and also provide an assessment of evolutionary relationships 
between strains.  Analysis of STEC O157 WGS data indicated that strains with less 
than 5 SNP differences in the core genome are likely to be epidemiologically 
linked [6] and this can be determined from short read sequencing. Strains from 
two temporally related outbreaks of STEC O157 from the same restaurant were 
examined.  Initially, MLVA and phage typing results were contradictory as MLVA 
indicated the outbreaks were caused by the same strain although the phage types 
were distinct.  The relatedness of the PT8 and PT54 strains was confirmed by 
short read sequencing which defined 3 SNP differences in the core genome 
between the two groups of strains indicating that they share a recent common 
ancestor (within 1 year) (fig. 4.4).  
 
The application of PacBio and MinION sequencing, as well as OpGen mapping, 
produced single contig assemblies of two isolates associated with the two outbreaks 
at the restaurant, one belonging to PT8 and one belonging to PT54.  These 
assemblies clearly showed the high prophage carriage in these isolates, which is 
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typical of STEC O157 with at least 20% of the genome made up of highly paralogous 
phage genes (fig. 4.7). These data illustrate why short read sequencing cannot be 
used to accurately define the location and composition of related prophage regions.  
Analysis of the genomes from the long read sequencing showed that there had been 
a shift in prophage composition between the two outbreak groups. There was gain 
and loss of prophage while two of the shared prophage regions had undergone recent 
recombination.  Furthermore, isolate 644-PT8 had a repeat of three of the shared 
prophage regions in a 200kbp inverted region. There was significant, apparent 
functional redundancy across the different prophages.  This is in agreement with 
earlier research from Hayashi and colleagues that showed a diverse bacteriophage 
complement produced from a single strain including recombination between 
prophage loci [57].  This analysis, based on insights from the two different 
sequencing technologies, provided the first evidence of prophage microevolution in 
STEC O157 between two closely related outbreaks. 
 
Isolate 180-PT54 assembled into three contigs; the chromosome, the F-like pO157 
and an IncHI2 plasmid. The IncHI2 plasmid was large (240Kbp) and predicted to 
encode about 220 genes. This plasmid was not present in 644-PT8. IncHI2 plasmids 
are commonly associated with the spread of extended spectrum b-lactam resistance 
(ESBL) genes, heavy metal resistance and phage resistance (Whelan, Colleran et al. 
1995, Fang, Li et al. 2016). Several antibiotic and environmental resistance genes 
were identified, potentially conferring resistance to chloramphenicol, 
streptomycin, tellurite, tetracycline and certain heavy metal ions encoded on the 
incHI2 plasmid acquired by 180-PT54 (fig. 4.8). The resistance loci facilitated 
conjugation experiments of the plasmid into 644-PT8, leading to the recipient strain 
phage typing as PT54.  Conversion of PT8 to PT54 is caused by the acquisition of 
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resistance to the group 3 typing phages (TP4, TP5 and TP14) [162]. There is a 
previous report that an IncHI2 plasmid can confer bacteriophage resistance [158] 
therefore adding to the possible survival advantage conferred on strains that 
acquire this plasmid.  A BLAST search revealed that highly similar IncHI2 plasmids 
have been described in several different organisms from around the world (fig 4.8), 
including Taiwan, China, Kenya, Malawi and the USA. Identification of incHI2 
plasmids in E. coli however is rare [160, 163]. The acquisition of this plasmid is 
therefore likely to increase the survival capacity of the strain under certain stressful 
environmental conditions.  
 
In addition to antibiotic and phage resistance, 180-PT54 was shown to be 
significantly fitter than 644-PT8 under a defined set of growth conditions. Although 
this could not be solely attributed to the acquisition of the incHI2 plasmid, the 
genetic differences identified in 180-PT54 that include plasmid acquisition resulted 
in a fundamental alteration in central nitrogen metabolism in strain 180-PT54 that 
enhanced growth over 644-PT8. In accordance with the trade-off between self-
preservation and nutritional competency (SPANC) however the increased growth of 
180-PT54 has resulted in a decrease in acid resistance, at least under priming 
conditions [164]. The public health investigation of the outbreaks included sampling 
of employees who worked at the restaurant.  Two members of staff were shown to 
be colonized with the PT54 strain during the outbreak and an analysis identified a 
significant association with one of these employees and the infection risk, although 
it is not known if this individual could have actually accounted for the second 
outbreak. Based on this and the altered genotype and phenotype of the PT54 strain, 
it was proposed that it may be more adapted for human colonization than the 
original PT8 strain and this capacity may be linked to the much higher number of 
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cases associated with the second outbreak, including multiple examples of human-
to-human, in contact, transmission.  STEC O157 strains are usually associated with 
ruminant hosts and presumably human colonization could lead to adaptive changes 
that promote survival such as plasmid acquisition and prophage variation.  
Sequencing of human cases in the UK has identified a subset of imported strains 
that are acquired during travel abroad or brought in by colonised foreign visitors 
[6].  These strains are significantly more likely to contain plasmids encoding 
antibiotic resistance and there is a concern that acquisition of such elements may 
adapt strains to then persist in the human population, which would be a serious 
public health concern. Therefore PTs that are determined by plasmid acquisition, 
as this chapter has demonstrated for the PT54 phenotype, could also have certain 
survival advantages over other strains. This would mean that PT could be seen in 




This chapter has highlighted the issues of identifying genetic determinants of PT 
from short read sequencing data. The long read sequencing data from two closely 
related outbreak strains was highly useful and allowed for the recognition of the 
IncHI2 plasmid association with the PT54 phenotype. The use of long read WGS data 
clearly demonstrated the dynamic nature of the accessory genome in STEC O157 
and the potential impact of horizontal gene transfer over a short time frame. The 
long read sequencing enabled us to identify a plasmid that confers resistance to 
antibiotics and bacteriophages as well as other environmental stressors.  It is clear 
that both short and long read sequencing can greatly facilitate outbreak 
investigations into foodborne gastrointestinal diseases caused by pathogens with 
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dynamic genomes but that long read sequencing is preferential when investigating 
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Analysis of the genome sequencing data in the previous chapters revealed that 
there was a multitude of prophage differences in closely related strains that were 
obscured by Illumina short read sequencing, and highlighted issues with 
elucidating the genetic determinants of PT from incomplete assemblies. To 
overcome this, methods involving phenotypic selection to elucidate genetic 
mechanisms were researched and Transposon Directed Insertion-site Sequencing 
(TraDIS) was highlighted as a successful method previously used to investigate 
phage susceptibility [89]. TraDIS is a genome-wide mutagenesis method that when 
used with phenotype screening can identify loci that contribute to the selection 
phenotype. 
TraDIS involves the production of a high-density transposon insertion library by 
random introduction of a transposon into the genome. The random insertion 
enables a high number of mutants to be generated containing multiple insertions 
in every non-essential gene and therefore represents a comprehensive mutant 
library for selection purposes. The mutant library is then used for selection under 
a specific condition/pressure.  Genes and other loci that promote or reduce 
survival under those conditions are then identified by transposon-directed 
sequencing [87]. Selection can be identified based on adjusted read numbers for a 
particular insertion. 
The aim of this chapter was to investigate mechanisms of phage resistance and 
susceptibility by generating a TraDIS library of the STEC O157 strain 9000.  By 
exposing this high-density transposon library to a typing phage to which it is 
susceptible to, I hypothesized that the recovered population should contain gene 




5.2.1 Library Strain selection 
	
A  PT32 Stx 2a/2c knockout of strain 9000 termed strain 1465 (chapter 3) was used 
to produce the library. A derivative of strain 9000 was chosen because of the high 
number of previous studies done on the strain providing information about its 
characteristics in vivo [165]. 
5.2.2 Transposon used 
	
A transposon kit from Epicentre was used; the EZ-Tn5 <KAN-2> Tnp Transposome 
kit. It is a stable complex of the EZ-Tn5 transposase enzyme and the EZ-Tn5 <KAN-
2> Transposon that contains the Tn903 kanamycin resistance gene. Once inside the 
E. coli cells the transposase is activated by Mg2+ and randomly inserts into the 
host genome. Tn5 transposons are preferable to mariner-based transposons 
because they do not require a target sequence for insertion so a potentially 
greater insertion density can be reached [86]. 
5.2.3 Producing Competent cells of Library strain 1465 
	
Two single colonies of strain 1465 were inoculated into a 20ml volume of LB broth 
each and left to grow overnight at 37⁰C. Each 20ml overnight culture was added to 
300ml of LB broth and incubated at 37⁰C until they reached OD 0.5. The cultures 
were then centrifuged at 3000 rcf for 10 mins at 4⁰C in 6 x 50ml aliquots. The 
supernatant was decanted and the cells were suspended in 25ms of ice-cold 10% 
glycerol. The cells were then centrifuged again at 3000 rcf for 10mins at 4⁰C. For 
the second time, the supernatant was decanted, the cells were resuspended in 
12.5ml of ice-cold 10% glycerol and centrifuged at 3000 rcf for 10mins at 4⁰C. 
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Finally, the supernatant was removed and the cells were resuspended in 6.25ml of 
ice-cold 10% glycerol and centrifuged at 3000 rcf for 10mins at 4⁰C. 
Subsequently the supernatant was removed and the cells were resuspended in 
0.5ml of ice-cold 10% glycerol and transferred to 1.5ml microfuge tubes. The cells 
were then centrifuged at 9000 rpm for 10mins. Again the supernatant was 
removed, the cells were resuspended in 50ul of ice-cold 10% glycerol and kept on 
ice before electroporation.  
5.2.4 Electroporation of transposome into competent cells 
	
0.5ul of the EZ-Tn5 transposome was added to each of the 6 x 50ul of competent 
cells on ice. The transposome and competent cells mixture was then transferred 
into 0.1cm electroporation cuvettes and electroporated in a Bio-Rad gene pulser. 
Cells were immediately recovered in 1ml of SOC broth after electroporation. This 
was repeated for each of the 6 aliquots of competent cells. The recovered cells in 
SOC broth were then incubated for 2 hours at 37⁰C on a shaking incubator.  
5.2.5 Recovery of transformed cells 
	
Each of the 6 electroporated cultures were spread on a 250ml LB plates containing 
kanamycin (4mg/L) and incubated overnight at 37⁰C. Colonies of transformed cells 
were harvested in the morning after plate count and stored at -80⁰C in a final 
concentration of 20% glycerol after the OD had been recorded for that batch. This 
method was repeated 30 times to produce 30 different batches and >1,000,000 
mutant colonies had been harvested. 
5.2.6 Library pooling 
	
Batches were pooled according to optical density as shown in table 5.1.  
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Table 5.1 A table to detail the optical density, date cultured and amount pooled 
for the TraDIS library. 
Batch(date) O.D. Pool(ml) 
1(29/5/14) 2.49 0.25 
2(6/6/14) 2.93 0.3 
3(11/6/14) 0.434 1.25 
4(25/6/14) 2.808 0.3 
5(27/6/14) 2.832 0.3 
6(2/7/14) 1.617 0.75 
7(25/7/14) 0.362 1.25 
8(30/7/14) 2.479 0.25 
9(1/8/14) 0.465 1.25 
10(27/8/14) 1.283 0.75 
11(29/8/14) 0.937 0.5 
12(3/9/14) 3.02 0.3 
13(5/9/14) 2.334 0.2 
14(10/9/14) 2.568 0.25 
15(12/9/14) 1.779 0.2 
16(17/9/14) 1.705 0.2 
17(19/9/14) 2.892 0.3 
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18(24/9/14) 2.595 0.25 
19(14/1/15) 0.835 0.5 
20(15/1/15) 0.795 0.5 
21(16/1/15) 1.755 0.2 
22(4/2/15) 0.883 0.5 
23(5/2/15) 0.618 1 
24(6/2/15) 2.279 0.27 
25(25/2/15) 2.631 0.26 
26(26/2/15) 1.34 0.4 
27(27/2/15) 2.293 0.2 
28(4/3/15) 1.487 0.4 
29(5/3/15) 1.155 0.4 




5.2.7 TraDIS sequencing and library density 
	
TraDIS specific sequencing was performed at the Wellcome Trust Sanger Institute 
(WTSI) to produce transposon-directed reads. To determine insertion sites of each 
transposon that had randomly inserted into the genome of each mutant, a special 
TraDIS library prep was used that uses specially designed TraDIS adapters and 
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primers to increase the enrichment of genuine transposon-chromosome junctions 
by preventing hybridization of the reverse primer until the transposon-specific 
forward primer has generated a complementary strand [166]. This was to ensure 
that the first 10bp of every read was transposon sequence and the remaining 
sequence was downstream of where the transposon was inserted. These reads 
were then mapped using SMALT(WTSI) and insertion quantification was performed 
to a PacBio sequenced reference for strain 9000 to determine the location the 
transposon has inserted at.  Strains that had transposon insertions in essential 
genes did not survive and therefore the sequence was only recovered for non-
essential genes. Analysis of the sequencing data showed that the library had 
>110,000 unique transposon insertion sites throughout the genome with a density 
of one insertion every 50bp of the genome demonstrating that there were multiple 
unique insertions in every viable gene and functionally significant non-coding 
regions. The multiple sites in each locus together act as independent indicators 
(similar to ‘biological replicates’) [86]. 
5.2.8 Bacteriophage selections on library 
	
The library was subjected to bacteriophage 13 of the typing phages which was 
fully lytic on a PT32 library, the phage type of the variant strain 9000. A pool of 
the library (see table 5.1) was cultured overnight with 10^6 cells added to 10ml of 
LB broth. The following morning 100ul of the library was inoculated into 10ml of 
LB broth and allowed to grow up to log phase. 100ul of the log phase culture was 
then inoculated into three x 10ml of LB broth. Ten ul and 200ul (multiplicity of 
infection ~10) of bacteriophage were inoculated into two of the broths and one 
used as a control without bacteriophage selection but cultured in parallel in LB for 
the same time. DNA extractions were taken at both three and five hour time 
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points using the Promega Wizard extraction kit. DNA extractions for the controls 
and the selections were sent to the WTSI for TraDIS-specific sequencing (see table 
5.2). 
5.2.9 Bioinformatics analysis 
	
Transposon directed sequencing reads were mapped, using the SMALT(WTSI) 
alignment algorithm, to a complete genome sequence (sequenced using PacBio 
technology) of strain 9000 (see table 5.2). A change in the number of reads that 
mapped to each gene between the control and the selections was measured by 
LogFC (log2 fold change) calculated from log counts per million. This was done 
using publicly available WTSI TraDIS analysis scripts (https://github.com/sanger-
pathogens/Bio-Tradis) that automatically determines appropriate read mapping 
parameters from the length of the first read in the fastq file. Log2 fold was used 
as a measure of comparison of read number fold changes compared to the LB 
control –>2 and <-2 were used as a cut off for genes with different numbers of 
insertions[166]. P and Q values are given for each calculation as a measure of 
statistical significance in terms of the false positive (P) and false discovery (Q) 
rate [167]. Only those that had a Q value of <0.01 and P value of <0.05 were 
counted (see figs 5.1 and 5.2). Results from both time points were averaged out 
for both concentrations to give a consensus list of genes involved in phage 
susceptibility and resistance, present at both time points and concentrations. 
Table 5.2 Sequencing results of TraDIS specific sequencing performed on 
bacteriophage selections and controls, detailing the number of sequenced reads 
and the perentage of those reads that mapped to the reference strain 9000. The 
total unique insertion sites indicate the number of transposon mutants present 
when DNA extraction took place.  
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Sample name Total Reads % Mapped Total Unique Insertion Sites 
3_control            4381188 89.425229 182227 
3_P13_10ul           4749002 86.7993153 164218 
3_P13_200ul          4556057 90.7622474 138883 
5_control            5011685 90.7141662 186851 
5_P13_10ul           5194424 92.4274558 127199 





Figure 5.1 Volcano plot showing change in prevalence of mutants from the control 
to the addition of 10ul phage selections. As shown by the relationship of Log2 Fold 
change in selection condition compared to the control (x-axis) with Q-value(y-axis) 
indicating false discovery rate. Red lines show the cutoff criteria of 10% false 




Figure 5.2 Volcano plot showing change in prevalence of mutants from the control 
to the addition of 200ul phage selections. As shown by the relationship of Log2 
Fold change in selection condition compared to the control (x-axis) with Q-value 
(y-axis) indicating false discovery rate. Red lines show the cutoff criteria of 10% 





5.2.10 COG annotation 
	
COG is the clustering of orthologous genes in gene families associated with known 
functions [168] and is a database that can be downloaded from the internet. This 
database can then be queried using blastp [119] for COG hits that can assign your 
query protein to a group of orthologous proteins. The blast cutoffs for assignment 
were >90% identity and coverage. 
 
5.3 Results 
5.3.1 Genes involved in phage sensitivity 
	
The genes shown in appendix table 7.3 with LogFC >2 contain insertions that led 
to the mutants growing at a faster rate than the control (greater than 2 fold) in 
the presence of phage. This means these clones were not being infected or killed 
as readily by the selecting phage. These mutants may be important for phage 
adherence/infection and involved a total of 114 genes. With a nine fold increase 
in insertions, OmpC is the most important gene for T4 phage infection that is 
universally found in E. coli (fig 5.3). 
The 114 genes were found in almost all regions of the chromosome (fig 5.4) and 
were involved in multiple pathways and aspects of the host’s functions (fig 5.5) as 
indicated by their COG assignment. The dispersed location of these genes and the 
involvement of multiple functional pathways in bacteriophage infection indicate 
that bacteriophages have evolved on multiple occasions to use increasing numbers 
of the host’s functional pathways for efficient lysis.  
The involvement of the Sap operon (fig 5.6) in bacteriophage infection is of 
particular interest because it is known to be associated with antimicrobial 
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resistance [169]. This TraDIS selection data indicates that the Sap operon while 
protecting the strain from antibiotics is also exposing the strain to more successful 
bacteriophage infection. 
 
Figure 5.3 Artemis insertion plot showing the number of reads corresponding to 
transposon insertions present in each gene for the infection assay. As shown in this 
screen shot there are nearly 100,000 reads for transposon insertions in OmpC after 
the 200ul phage selection (bottom insertion plot) indicating this clone has grown 
well during bacteriophage challenge compared to the control (upper insertion 
plot) which has far less insertions present. The number of insertions is represented 




Figure 5.4 BRIG plot showing the location of 114 genes involved in bacteriophage 






Figure 5.5 Pie chart displaying the percentage of different COGs represented in 

































Figure 5.6 Schematic diagram of the Sap operon encoding a peptide transport 
system ATP-binding protein running from 1784118-1834143, this operon has 
previously been implicated in antibiotic resistance [169] and the whole operon has 
been implicated by this TraDIS study for successful bacteriophage infection. The 
arrows represent the gene coding regions with annotation, chromosomal location 
and log fold change in red (rounded to one decimal place). 
5.3.2 Genes involved in phage resistance 
	
The genes shown in appendix table 7.4 with LogFC >-2 contain insertions that 
result in the mutants growing at a lower rate (greater than 2 fold less) than the 
control in the presence of phage. This means these clones were lysed more 
frequently than other clones and so were infected or killed more readily by the 
selecting phage. These mutants may therefore be important for phage resistance.  
Forty-four candidate genes were detected and this small number was not 
surprising as the WT for the library is susceptible. The stringent starvation protein 
has the largest decrease in insertions compared to the control (see fig 5.7), and 
could be involved in the prevention of phage production by halting all 
transcription. The majority of the genes involved in resistance were associated 
with lipopolysaccharide (LPS) synthesis. 
 
The 44 genes were found in multiple regions of the chromosome (fig 5.8) but were 
clustered in some regions indicating operon involvement in resistance. The 
majority of the genes were assigned to the cell wall/membrane/envelope 
biogenesis COG group (fig 5.9) indicating that the cell surface was the most 
important method of defending the cell against bacteriophage attack. The 
external surface of a bacterial cell is the first point of contact for an infecting 
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bacteriophage through the outer membrane or LPS. The LPS may be an initial 
adsorption target but LPS O chains might also occlude OMPs. If a cell is able to 
occlude receptors found on these regions by the presence of LPS O chains or some 
other mechanism, then this could increase their resistance.  Conversely, an 
insertion that inhibits O-antigen production may result in the mutant becoming 
more susceptible because the phage can gain direct access to main irreversible 
adsorption sites on OMPs. 
The operon displayed in fig 5.10 is involved in carbohydrate transport and 
metabolism as well as cell wall/membrane/envelope biogenesis and all of the 
displayed genes were implicated in bacteriophage resistance by the TraDIS 
selection data. The operon also contains the O-antigen polymerase Wzy and the O-
antigen ligase is also showing a log fold decrease on another region of the 
chromosome which indicated that the O-antigen itself is blocking phage adsorption 





Figure 5.7 Artemis insertion plot graph showing the number of reads 
corresponding to transposon insertions present in each gene for the resistance 
assay. As shown in this screen shot, there are close to 0 transposon insertions 
present in Stringent starvation protein A after the 200ul phage selection compared 
to the control that has nearly 100 transposon insertions present in Stringent 
starvation protein A without phage selection. This indicates that this clone has 
struggled to survive during bacteriophage selection compared to the control which 
has far more insertions present in this gene. The number of insertions is 






Figure 5.8 BRIG plot showing the location of the 44 TraDIS highlighted genes 




Figure 5.9 Pie chart displaying the percentage of different COGs represented in 

















































Figure 5.10 An operon running from 2754694 – 2767584 that is involved in cell 
wall/membrane/envelope biogenesis and the O antigen was highlighted by the 
TraDIS selections as being involved in bacteriophage resistance. The arrows 
represent the gene coding regions with annotation, chromosomal location and log 
fold change in red. 
5.4 Discussion 
	
TraDIS is a genome-wide mutagenesis tool that has proved useful in looking for 
genes associated with PT conversion [89]. In this study TraDIS was used to 
investigate bacteriophage-host interactions between a single typing phage and one 
strain of STEC O157. In the TraDIS experiment reported in this chapter, survivors 
of bacteriophage selection changed from their wild type susceptible phenotype to 
a more resistant phenotype due to transposon inserts in specific genes that 
normally hinder phage infection. Using this method several genes involved in STEC 
O157 susceptibility and resistance to a T4 bacteriophage were successfully 
identified. 
In section 5.3.1 the genes that had an increase in insertions compared to the 
control are listed in appendix table 7.3. These are genes that are associated with 
phage infection and are mainly outer membrane targets/receptors. The most 
influential gene, based on the log fold change in number of insertions, is OmpC. 
This is an established receptor for T4 in E. coli [170] and so without it mutants are 
able to flourish under phage infection compared to the remainder of the 
population. OmpC is a universal outer membrane protein in E. coli so T4 
bacteriophage that use it as a receptor generally have a broad host range across E. 
coli;  this interaction is reversible but initial infection and cell adherence is 
possible if the target bacterial cell has OmpC [171]. Closely following ompC 
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mutants in terms of increased resistance are the transcriptional regulators OmpR 
and EnvZ, which are known to control ompC [172, 173]. The next most significant 
gene encodes a hypothetical protein that may have a role in translation, ribosomal 
structure and biogenesis by COG assignment. The involvement of this gene in 
phage infection requires further investigation. The data implicated the whole Sap 
operon (fig 5.6) as inserts in most genes of this operon were increased in the 
phage-challenged pool. The involvement of this operon in both antibiotic 
resistance and bacteriophage infection also requires further investigation. Also 
seen in the list of genes involved in infection and efficient lysis were genes 
involved in transcription and translation. It makes sense that successful phage 
production would benefit from biasing the transcriptional and translational 
apparatus of the host cell to phage products. It has yet to be established what 
role the other genes play in phage infection but it is clear from the data that a 
large number of genes are involved in cascades effecting the success of phage 
infection. Clearly, phage infection is a complicated process involving and relying 
on a large number of effector genes that can hinder the process effectively when 
knocked out. 
Genes that had a decrease in the abundance of reads at specific insertions 
compared to the control are those that were associated with phage resistance so 
it is interesting to note that the gene that had the strongest effect on 
bacteriophage resistance with a nearly 10 fold decrease in insertions compared to 
the control was the stringent starvation protein A. Without this gene the 
bacteriophage was able to infect the cell more easily. This result is in contrast to 
its reported effects on another bacteriophage, P1 [174]. This is exciting as it 
indicates that a host gene that might be used to phage advantage by some 
bacteriophage may also play a resistance role in others. Many of the genes 
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identified are involved in LPS and, specifically, O-antigen synthesis. This is 
intuitive as the removal of O-antigens would enable bacteriophage easier access 
to the outer membrane proteins and receptors. 
The analysis has focused on fold change in reads for mutants present both with 
and without phage selection. Those mutants that have been completely 
eliminated by phage (as evidenced by the sharp drop in unique infections seen in 
table 5.2) will have 0 insertions in the resistance conferring genes but this will be 
compared to the number in that gene in the control. This means that the analysis 
will still be able to identify completely eliminated mutants in the selection verses 
the control. 
The associated genes recognized to be involved in susceptibility and resistance 
were found in the 4 replicates (10ul phage, 200ul phage, 3 hour and 5 hour time 
points). A high confidence can be assigned to them as they have effectively been 
independently replicated 4 times. 
It is clear from these selections that susceptibility to bacteriophage infection as 
well as resistance was dependent on a broad range of genes with different 
functional characteristics. It would be useful to further characterize and 
investigate the genes that do not reveal a clear mechanism for disruption of the 
normal infection pathway. This would be performed in the wet lab by generating 
gene knockouts and testing the phenotypic effects in vitro.  
This part of the study highlighted how many factors are able to influence PT and 
that it is not single gene changes that determine whether a strain is resistant or 
susceptible to a given bacteriophage. It would be useful to be able to compare the 
gene lists associated with infection and resistance for different selections using 
different phages from within the groups of typing phages (chapter 2). 
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Hypothetically, they would include many of the same genes. However, variations 
in a small number of specific genes would highlight the differences that determine 
variation in their infection profiles. It would also be interesting to compare 
selection results on the same library strain for typing phages from completely 
different groups to see how many genes vary in the associated infection gene list. 
TraDIS has indicated that bacteriophage susceptibility or resistance is not an 
absolute state but is a balance between the number of genes a strain can have 
associated with resistance or infection and can be viewed more in the sense of 
accumulation more to one side of the scale of resistance/susceptibility than the 
other.  
Now that the TraDIS method has been successfully used to look for evidence of 
bacteriophage survival in susceptible strains, the next steps would be to  use the 
same method but with one of the typing phages that the library strain is resistant 
to. Hypothetically, more genes with a decrease in insertions < -2 LogFC and less 
genes associated with infection would be expected. 
The genes highlighted by the selection for both infection and resistance can be 
used as gene markers for resistance or susceptibility for typing phage 13 and, most 
likely, the other group 2 typing phages but it is clear that they cannot be 
investigated individually as a single gene that enables infection/resistance. The 
presence of Stringent starvation protein A in the genome of strain 9000 does not 
make it resistant to typing phage 13 but the TraDIS results have clearly shown that 
this gene is contributing to some level of resistance to that phage. Similarly, the 
presence of OmpC alone is not enough to enable the phage to successfully lyse the 
cell –translational and transcriptional control is also required. The key differences 
in phage/host reaction profiles will be revealed when comparing gene lists 
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associated with different typing phage selections. Data from this study has lead to 
the hypothesis that each typing phage group will produce a slightly different gene 
list of associated genes and these are the key differences in the host-determined 
infectivity of the typing phage groups. 
5.5 Conclusions 
	
The TraDIS method successfully identified novel regions associated with 
bacteriophage susceptibility and resistance. The stringent starvation protein A has 
been implicated in resistance for the first time and the Sap operon has been 
implicated in infection for the first time. The previous chapters had highlighted 
the issues with using whole genome sequencing data alone to identify genetic 
determinants of PT. This is because the accessory genomes of STEC O157 are so 
large such that even two closely related strains of different PT will have several 
genes that vary. To be more confident of gene involvement in PT conversion, 
mutagenesis should be used to provide phenotypic evidence of the gene’s ability 
to convert a strain.  TraDIS is a highly effective whole genome mutagenesis 
method that facilitates high throughput.  During this study TraDIS was shown to be 

























The genetic determinants of PT for STEC O157 have been a mystery for the past 30 
years'; during this PhD I have attempted to unravel the complicated interactions of 
the typing phages with STEC O157. The aims of this project were to sequence and 
annotate the 16 phages used to type STEC O157, sequence and annotate strains of 
STEC O157, analyse the prophage-like elements of STEC O157, identify genetic 
elements associated with the PT phenotype and build on the current 
understanding of PT and its representation of clinical significance. The detailed 
results of this study are described in the previous four chapters and the main 
findings are summarised below. 
The 16 typing phages can be grouped into 4 genetic similarity groups which 
correlate with their infectivity profiles. This highlighted that the typing scheme 
could be simplified utilising representatives from each group to give a simpler but 
less specific PT scheme. It also highlighted that those PTs that vary in their 
susceptibility within the typing phage groups are likely to be caused by small 
numbers of genes that vary within the groups. This work formed the bedrock of 
subsequent analysis because following this analysis it became apparent that 
common changes in PT (such as PT8 to PT54 or PT32 to PT21/28) are often caused 
by the strain acquiring resistance to one group of the typing phages. 
The emergence of one of the most clinically significant strains in the UK today was 
caused by the acquisition of Stx2a to the PT32 phenotype to convert it to become 
PT21/28. This is significant as it provides further evidence of the evolution of the 
highly pathogenic PT21/28 clone from the PT32 strain following the acquisition of 
the Stx2a phage. It is now clear that the rapid emergence of this clone 25 years 
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ago was caused by the acquisition of the Stx2a phage. I was also able to show that 
the Stx2a phage metabolically repressed its host and therefore may have further 
adapted it to the bovine and/or human host and that this may also have 
contributed towards the success of this clone in clinical cases. I suggest that the 
PT21/28 clone is clinically significant in the UK because of the acquisition of the 
Stx2a prophage that conveys bacteriophage resistance, pathogenicity and 
metabolic adaptation. 
Long read sequencing revealed the high rate of microevolution of STEC O157 
within a short period of time and the ability of an IncHI2 plasmid to convert a PT8 
strain to PT54. This built on the current understanding of PT in terms of its 
representation of clinical significance by implicating the acquisition of the IncHI2 
plasmid to the PT54 phenotype. The IncHI2 plasmid has multiple clinical 
consequences because it conveys antibiotic resistance and also has been shown to 
confer increased acid and temperature resistance. This means that the PT54 
phenotype that is conveyed by the IncHI2 plasmid also goes hand in hand with 
antibiotic resistance and gut survival adaptation in differing conditions. This may 
mean that there is an increased likelihood of human-to-human transmission. 
TraDIS sequencing implicated 114 genes in phage infectivity and 44 genes in phage 
resistance in STEC O157. Interestingly, even though the 44 genes identified in 
phage resistance were mostly cell wall or O antigen associated, the 114 genes 
identified in phage infectivity were from a broad range of COG assignments 
indicating that phage infection requires the involvement of multiple pathways for 
successful lysis. This is further evidence that the determination of PT is decided 
by multiple factors and is likely to not always be determined by the presence or 
absence of just one gene. The TraDIS project proved the most useful in terms of 
being high-throughput for finding genetic candidates for the determinants of PT 
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and ultimately was probably the best method to answer the original questions of 
the thesis. 
It is intuitive that the reason why we see some PTs emerging and proliferating 
more widely than others is because the PT is a marker of clinical significance or 
pathoadaptation. Therefore, the genes that determine a particular PT may be 
linked to genes that contribute to the ability of the strain to survive in the 
environment or to become pathoadapted to a specific host. Genes associated with 
changes in PT and those associated with enhanced survivial or pathoadaptation 
may be carried on mobile elements like prophages or plasmids and this is precisely 
what I have found for two PTs – PT21/28 and PT54. The two PTs that account for 
61% of the reported STEC O157 cases found in the UK are PT21/28 which is 
associated with domestic infection and PT8 from which a subset is associated with 
foreign travel and a subset is domestic. I propose that the reason for the success 
of the PT21/28 clone and its PT phenotype is due to a shiga toxin phage mobile 
element. The success of the other dominant PT (PT8) has the potential to increase 
even further with the addition of the IncHI2 plasmid mobile element which 
conveys survival advantages to the host. As the use of antibiotics continues we 
may see further spread of the IncHI2 plasmid in more foreign travel associated 
STEC O157 cases and the IncHI2 plasmid may convert more representatives of the 
PT8 clone to PT54 to become the dominant foreign travel associated PT. From this 
work we can conclude that those mobile elements associated with dominant PT 
conversion are likely to also carry evolutionary or pathoadaptivity advantages. 
The fact that each PT is produced by a profile of lysis of 16 TPs means that the 
resulting PT phenotype is from the layering of multiple mechanisms producing 
resistance and susceptibility to each of the four TP groups. It is much easier to 
study the difference between two closely related PTs like PT8 and PT54 (that only 
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differ in their reaction to the group 3 TPs) than to compare two unrelated PTs to 
try and find the underlying genetic mechanisms. It is easier to consider each PT as 
the result of four different mechanisms accounting for the resistance or 
susceptibility seen for each TP group. However some mechanisms may apply to 
more than one group of the TPs. 
Long read sequencing would enable a pangenome analysis to draw out associated 
genes for resistance or susceptibility for each TP group, unfortunately this is not 
possible with short read data because it is likely that many of the associated genes 
will be mobile element associated and therefore not resolved very well by short 
reads. For the statistical significance needed for genome-wide association studies 
long read sequences of a very high number of strains would be required.  
Currently, this is still very expensive, but would ultimately provide a whole 
genome scanning effect.  
Whole genome scanning was used in the TraDIS analysis and was successful in 
identifying several genes that alter TP13 susceptibility or resistance significantly. 
Some of these genes are likely to only be applicable to resistance and 
susceptibility of TP group 2 but there are also likely to be more generic phage 
resistance mechanisms like LPS associated genes. It is important to highlight that 
TraDIS implicates all the possible individual genes that can be used to render a 
strain resistant or susceptible. It is likely that if you compare two closely related 
strains that have a different susceptibility to TP13 that they will differ in just one 
of these genes.   
Bacteriophage and bacterial co-evolution in the environment is likely to be a 
significant driver for the range of different PTs that we see in the UK. The most 
common PTs in the UK are 2, 8, 21/28 and 32 and they were all found in different 
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modules during the modularity analysis. This is significant because it is evidence 
of the different niches that phages create in the environment so that resistances 
to subsets of typing phages is evolutionarily advantageous. However, the 
competition of phage evolution is so great that resistance to all is relatively rare 
even though completely resistant strains are seen in the UK. Each dominant PT has 
its own module that is indicative of the phages that it encounters in its 
environmental niche but would be less likely to survive in environments exposing 
it to phages seen in the other modules or environmental niches. This implies that 
we are sampling 4 different potential niches or susceptibility profiles that will 
better enable the survival  of STEC O157 in the environment with regards to the 
current generations of bacteriophage. 
The role of phage typing as a reference microbiology typing method is outdated as 
more reliable, robust and evolutionarily informative sequence based methods 
emerge. This work has highlighted the role that mobile elements play in phage 
typing which can confound outbreak detection and investigation. However the fact 
that PT is linked to mobile elements has also revealed why certain phage types 
have associated pathogenicity or environmental niches.  
This work has given multiple insights into the complex relationships of bacteria 
and bacteriophage and will provide insights into best methods for analysis for 
future projects. I have established that short read sequencing is insufficient and 
long read sequencing is a better way to use sequencing data to determine PT. 
However, it has become clear that the most effective way to investigate phage 
susceptibility or resistance is through TraDIS. 




This work could be taken further by greater characterisation of single genes 
involved in PT. This would involve characterising which gene/s on the IncHI2 
plasmid were responsible for the change from PT8 to PT54, which gene/s on the 
Stx2a prophage region were responsible for the change from PT32 to PT21/28 and 
confirming TraDIS implicated gene/s converting a strain’s susceptibility or 
resistance to TP13. This can be done with specific genetic knockouts in the lab 
and would confirm these genes as genetic markers for that particular PT 
associated phenotype.  
In terms of recognising new genetic determinants of PT: 
• Machine learning techniques could be used to train the computer to trawl 
large amounts of sequencing data to find statistically implicated genes 
associated with PT. Machine learning has been used for many studies that 
use artificial neural networks and random forests [175, 176]. Classifiers 
can be created based on genomic features of known sets of phage-
bacterium interactions, as defined in this thesis, and could be trialed on 
test sets for which interaction results are ‘unknown’. Once the model has 
been trained on the data it can be used on new data to find new classifiers 
and new genetic determinants of PT. 
• Pangenome analysis, as already mentioned, would similarly be a high 
throughput method for genome wide association and has been used 
successfully by many people to implicate genes in specific phenotypes so 
long as the metadata is provided, a high number of strains are used and 
strong statistical analysis is employed [177, 178]. 
• More TraDIS experiments should be performed using the other typing 
phages as the selection to produce implicated gene lists for the other 
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typing phage groups. This method should also be applied to more bacteria-
phage interactions and especially those that are MDR. To improve our 
arsenal against MDR bacteria we should employ phage therapy but further 
work needs to be done to understand the bacteria-phage interactions for 




One of the shortcomings of the work is that only a limited number of interactions 
that determine PT have been discovered. This means that genetic determinants 
for all the PTs cannot be implemented into an In silico phage typing scheme. 
Another shortcoming is that only one typing phage was able to be tested on the 
TraDIS library. This is due to time constraints, the TraDIS method was only 
decided on towards the end of year 1 and library production took ~8 months. 
Better planning at the beginning of this PhD may have meant that I was able spend 
more time on the TraDIS library and less time trying to analyse short read 
sequencing which ultimately yielded very little. The Stx2a and PT21/28 link was 
an important finding that should have been investigated far enough to determine 
the gene present on the prophage that caused the PT switch. This could have also 
easily been achieved with more dedicated time. Some may argue that more of a 
lab based approach should have been used to investigate PT but this was not in 
the original aims of the study so, although lab-based methods were also 
employed, whole genome sequencing methods were used in all aspects of the 
investigation. Others would also argue that the E.coli bacteriophage receptors are 
relatively well studied and the TraDIS results regarding OmpC and it’s regulators 
were not novel. I agree with this but think that the value of TraDIS is that we 
168	
	
were able to recognise 113 other genes that play a role in bacteriophage 
infection. 
In reality, the public health significance of PT is better investigated by the 
associated virulence factors than by the specific genes that convey resistance or 
susceptibility to the typing phages. These are likely to be co-acquired or could 
even be prior to the genes that determine current PT. However this body of work 
has shown that they can also be co-acquired in single genetic events such as 
plasmid or prophage gain. 
6.3 Conclusions 
	
STEC O157 poses a significant public health threat in the UK with severe clinical 
complications associated with certain strains. This study showed that the 
virulence of certain strains can be attributed to mobile elements that also convey 
bacteriophage resistance therefore providing a survival advantage. This work has 
also shown that the epidemiologically highlighted dominant clones of STEC O157 
are occupying different niches in terms of bacteriophage survival in the 
environment. It has highlighted the complexity of the genetic determinants of PT 





























































































































































































































































































































































































































































































































































































































































7.1 Availability of data 
	
Chapter 2: The raw sequencing reads have been deposited in the short read 
archive under project alias PRJNA252693. The assembled sequences and 
annotations of the typing phages have been deposited in GenBank under the 
following accessions; 
Phage 1: KP869100 
Phage 3: KP869101 
Phage 4: KP869102 
Phage 5: KP869103 
Phage 6: KP869104 
Phage 7: KP869105 
Phage 8: KP869106 
Phage 9: KP869107 
Phage 10: KP869108 
Phage 11: KP869109 
Phage 12: KP869110 
Phage 13: KP869111 
Phage 14: KP869112 
Phage 15: KP869113 
 
Chapter 4: FASTQ sequences were deposited in the NCBI Short Read Archive under 
the BioProject PRJNA248042. 2. Long read FASTA files are deposited in NCBI 
Genbank under accessions CP015831 (644-PT8 chromosome), CP015832 (180-PT54 
chromosome) and CP015833(180-PT54 plasmid).  
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Table 7.1 Table detailing the accessory variation of Group 2 as depicted in Figure 
2.8.  Presence of accessory gene in phage genome depicted by ‘X’ and absence by 










PROKKA7_00005_Phage_tail_fibre_adhesin_Gp38	 		 		 X	 		
PROKKA7_00008_hypothetical_protein	 		 		 X	 		
PROKKA3_00008_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00009_hypothetical_protein	 		 		 X	 		
PROKKA7_00010_hypothetical_protein	 		 		 X	 		
PROKKA7_00011_hypothetical_protein	 		 		 X	 		
PROKKA3_00011_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00015_hypothetical_protein	 		 		 X	 		
PROKKA6_00016_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00016_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00017_hypothetical_protein	 		 		 X	 		
PROKKA7_00019_hypothetical_protein	 		 		 X	 		
PROKKA7_00020_hypothetical_protein	 		 		 X	 		
PROKKA7_00021_hypothetical_protein	 		 		 X	 		
PROKKA3_00021_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00022_hypothetical_protein	 		 		 X	 		
PROKKA7_00023_hypothetical_protein	 		 		 X	 		
PROKKA3_00023_hypothetical_protein	 X	 X	 		 X	
187	
	
PROKKA3_00024_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00026_hypothetical_protein	 		 		 X	 		
PROKKA7_00027_hypothetical_protein	 		 		 X	 		
PROKKA3_00028_Phospho-2-dehydro-3-deoxyheptonate_aldolase_Tyr-
sensitive	
X	 X	 		 X	
PROKKA3_00030_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00032_hypothetical_protein	 		 		 X	 		
PROKKA7_00033_hypothetical_protein	 		 		 X	 		
PROKKA3_00034_Phage_GP30.8_protein	 X	 X	 		 X	
PROKKA3_00036_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00037_hypothetical_protein	 		 		 X	 		
PROKKA7_00038_hypothetical_protein	 		 		 X	 		
PROKKA3_00038_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00040_hypothetical_protein	 		 		 X	 		
PROKKA3_00041_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00042_hypothetical_protein	 		 		 X	 		
PROKKA7_00043_hypothetical_protein	 		 		 X	 		
PROKKA7_00044_hypothetical_protein	 		 		 X	 		
PROKKA3_00045_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00048_hypothetical_protein	 		 		 X	 		
PROKKA7_00049_hypothetical_protein	 		 		 X	 		
PROKKA7_00050_hypothetical_protein	 		 		 X	 		
PROKKA7_00051_hypothetical_protein	 		 		 X	 		
PROKKA7_00052_hypothetical_protein	 		 		 X	 		
PROKKA7_00053_hypothetical_protein	 		 		 X	 		
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PROKKA7_00054_hypothetical_protein	 		 		 X	 		
PROKKA7_00055_hypothetical_protein	 		 		 X	 		
PROKKA7_00056_hypothetical_protein	 		 		 X	 		
PROKKA7_00058_hypothetical_protein	 		 		 X	 		
PROKKA7_00060_hypothetical_protein	 		 		 X	 		
PROKKA3_00062_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00065_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00066_hypothetical_protein	 		 		 X	 		
PROKKA7_00071_hypothetical_protein	 		 		 X	 		
PROKKA7_00072_Thymidylate_synthase_1	 		 		 X	 		
PROKKA7_00073_hypothetical_protein	 		 		 X	 		
PROKKA7_00074_hypothetical_protein	 		 		 X	 		
PROKKA7_00075_hypothetical_protein	 		 		 X	 		
PROKKA7_00077_hypothetical_protein	 		 		 X	 		
PROKKA7_00082_Phage_RNA_polymerase_binding_RpbA	 		 		 X	 		
PROKKA7_00085_hypothetical_protein	 		 		 X	 		
PROKKA7_00086_hypothetical_protein	 		 		 X	 		
PROKKA7_00088_DNA_alpha-glucosyltransferase	 		 		 X	 		
PROKKA7_00091_hypothetical_protein	 		 		 X	 		
PROKKA7_00093_hypothetical_protein	 		 		 X	 		
PROKKA3_00097_Nuclease_inhibitor_from_bacteriophage_T4	 X	 X	 		 X	
PROKKA3_00098_hypothetical_protein	 X	 X	 		 		
PROKKA3_00099_hypothetical_protein	 X	 		 		 		
PROKKA7_00099_hypothetical_protein	 		 		 X	 		
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PROKKA3_00100_hypothetical_protein	 X	 		 		 		
PROKKA3_00101_hypothetical_protein	 X	 		 		 		
PROKKA3_00102_hypothetical_protein	 X	 		 		 		
PROKKA3_00103_tRNA-Met(cat)	 X	 		 		 		
PROKKA3_00104_tRNA-Arg(tct)	 X	 		 		 		
PROKKA3_00105_hypothetical_protein	 X	 		 		 		
PROKKA3_00106_hypothetical_protein	 X	 		 		 		
PROKKA3_00107_hypothetical_protein	 X	 		 		 		
PROKKA7_00107_hypothetical_protein	 		 		 X	 		
PROKKA3_00108_hypothetical_protein	 X	 		 		 		
PROKKA3_00109_Bacteriophage_FRD3_protein	 X	 		 		 		
PROKKA7_00109_hypothetical_protein	 		 		 X	 		
PROKKA3_00110_hypothetical_protein	 X	 		 		 		
PROKKA3_00111_hypothetical_protein	 X	 		 		 		
PROKKA7_00111_hypothetical_protein	 		 		 X	 		
PROKKA3_00112_hypothetical_protein	 X	 		 		 		
PROKKA7_00112_hypothetical_protein	 		 		 X	 		
PROKKA3_00113_hypothetical_protein	 X	 		 		 		
PROKKA3_00114_hypothetical_protein	 X	 		 		 		
PROKKA7_00114_hypothetical_protein	 		 		 X	 		
PROKKA3_00115_hypothetical_protein	 X	 		 		 		
PROKKA7_00115_hypothetical_protein	 		 		 X	 		
PROKKA3_00116_hypothetical_protein	 X	 		 		 		
PROKKA7_00116_hypothetical_protein	 		 		 X	 		
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PROKKA7_00117_hypothetical_protein	 		 		 X	 		
PROKKA3_00117_hypothetical_protein	 X	 		 		 X	
PROKKA3_00118_hypothetical_protein	 X	 		 		 		
PROKKA3_00119_hypothetical_protein	 X	 		 		 X	
PROKKA7_00119_hypothetical_protein	 		 		 X	 		
PROKKA3_00120_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00121_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00122_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00123_hypothetical_protein	 X	 X	 		 		
PROKKA7_00123_hypothetical_protein	 		 		 X	 		
PROKKA7_00125_hypothetical_protein	 		 		 X	 		
PROKKA7_00126_hypothetical_protein	 		 		 X	 		
PROKKA3_00126_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00128_hypothetical_protein	 X	 X	 		 		
PROKKA7_00128_hypothetical_protein	 		 		 X	 		
PROKKA7_00129_hypothetical_protein	 		 		 X	 		
PROKKA7_00130_hypothetical_protein	 		 		 X	 		
PROKKA7_00131_hypothetical_protein	 		 		 X	 		
PROKKA7_00132_hypothetical_protein	 		 		 X	 		
PROKKA7_00136_hypothetical_protein	 		 		 X	 		
PROKKA7_00137_hypothetical_protein	 		 		 X	 		
PROKKA7_00138_hypothetical_protein	 		 		 X	 		
PROKKA3_00141_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00145_hypothetical_protein	 X	 X	 		 X	
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PROKKA3_00146_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00148_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00151_hypothetical_protein	 		 		 X	 		
PROKKA3_00152_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00154_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00155_hypothetical_protein	 		 		 X	 		
PROKKA3_00156_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00156_hypothetical_protein	 		 		 X	 		
PROKKA7_00157_hypothetical_protein	 		 		 X	 		
PROKKA3_00157_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00159_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00160_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00160_hypothetical_protein	 		 		 X	 		
PROKKA7_00161_hypothetical_protein	 		 		 X	 		
PROKKA3_00163_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00164_tRNA-Arg(tct)	 		 		 X	 		
PROKKA3_00165_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00165_tRNA-His(gtg)	 		 		 X	 		
PROKKA3_00166_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00166_tRNA-Asn(gtt)	 		 		 X	 		
PROKKA7_00167_tRNA-Tyr(gta)	 		 		 X	 		
PROKKA7_00168_tRNA-Met(cat)	 		 		 X	 		
PROKKA7_00169_tRNA-Thr(tgt)	 		 		 X	 		
PROKKA7_00170_tRNA-Ser(tga)	 		 		 X	 		
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PROKKA7_00171_tRNA-Pro(tgg)	 		 		 X	 		
PROKKA7_00172_tRNA-Gly(tcc)	 		 		 X	 		
PROKKA7_00173_tRNA-Leu(taa)	 		 		 X	 		
PROKKA3_00173_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00174_tRNA-Gln(ttg)	 		 		 X	 		
PROKKA3_00174_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00176_hypothetical_protein	 		 		 X	 		
PROKKA3_00178_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00178_hypothetical_protein	 		 		 X	 		
PROKKA3_00181_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00183_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00186_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00188_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00189_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00192_Phage_RNA_polymerase_binding_RpbA	 X	 X	 		 X	
PROKKA3_00198_Arabinose_5-phosphate_isomerase_KpsF	 X	 X	 		 X	
PROKKA3_00199_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00200_CTP:phosphocholine_cytidylyltransferase_involved_in_chol
ine_phosphorylation_for_cell_surface_LPS_epitopes	
X	 X	 		 X	
PROKKA3_00201_capsule_biosynthesis_phosphatase	 X	 X	 		 X	
PROKKA3_00202_Collagenase	 X	 X	 		 X	
PROKKA3_00203_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00204_Thymidylate_synthase	 X	 X	 		 X	
PROKKA3_00205_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00206_hypothetical_protein	 X	 X	 		 X	
193	
	
PROKKA3_00210_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00211_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00212_hypothetical_protein	 		 		 X	 		
PROKKA3_00213_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00214_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00217_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00220_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00222_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00223_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00227_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00228_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00229_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00229_hypothetical_protein	 		 		 X	 		
PROKKA7_00230_ADP-ribosyltransferase_exoenzyme	 		 		 X	 		
PROKKA3_00230_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00231_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00232_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00234_hypothetical_protein	 		 		 X	 		
PROKKA7_00237_hypothetical_protein	 		 		 X	 		
PROKKA3_00238_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00239_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00239_hypothetical_protein	 		 		 X	 		
PROKKA3_00240_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00241_Phage_GP30.8_protein	 		 		 X	 		
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PROKKA3_00244_hypothetical_protein	 X	 X	 		 		
PROKKA7_00245_hypothetical_protein	 		 		 X	 		
PROKKA7_00246_hypothetical_protein	 		 		 X	 		
PROKKA3_00246_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00248_hypothetical_protein	 		 		 X	 		
PROKKA3_00250_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00251_hypothetical_protein	 		 		 X	 		
PROKKA7_00252_hypothetical_protein	 		 		 X	 		
PROKKA3_00253_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00254_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00256_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00258_hypothetical_protein	 		 		 X	 		
PROKKA3_00261_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00262_hypothetical_protein	 X	 X	 		 X	
PROKKA3_00263_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00263_hypothetical_protein	 		 		 X	 		
PROKKA3_00264_hypothetical_protein	 X	 X	 		 X	
PROKKA7_00266_hypothetical_protein	 		 		 X	 		
PROKKA3_00267_Caudovirales_tail_fibre_assembly_protein	 X	 X	 		 X	
PROKKA7_00268_hypothetical_protein	 		 		 X	 		
PROKKA3_00268_Phage_Tail_Collar_Domain_protein	 X	 X	 		 		
PROKKA7_00269_hypothetical_protein	 		 		 X	 		
PROKKA7_00271_hypothetical_protein	 		 		 X	 		
PROKKA7_00273_Bacteriophage_FRD3_protein	 		 		 X	 		
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PROKKA7_00279_hypothetical_protein	 		 		 X	 		
PROKKA3_00277_Bacteriophage_replication_gene_A_protein_(GPA)	 X	 X	 		 X	
PROKKA7_00285_hypothetical_protein	 		 		 X	 		
 
Table 7.2. Table detailing the unique chromosomal genes found in the PT8 and 
PT54 genes with their annotation and chromosome location 
PT8 Unique genes 
PT8 
Genome 
































































































































































































4724146     
644_04792_Mercuric_reductase 
4724372-














4728782     
644_04796_Invasin 
4728903-
4733156     
644_04797_Glyoxal_reductase 
4733722-
4734297     
644_04798_hypothetical_protein 
4734490-








4737137     
644_04801_NADH_oxidase 
4737372-








4742305     
644_04807_hypothetical_protein 
4742375-




4743933     
644_04809_hypothetical_protein 
4744008-
4744595     
644_04810_hypothetical_protein 
4744653-
4745321     
644_04811_hypothetical_protein 
4745347-
4747872     
644_04812_hypothetical_protein 
4747862-
4748442     
644_04813_hypothetical_protein 
4749474-


































4760563     
644_04822_hypothetical_protein 
4761266-
4761544     
644_04823_putative_oxidoreductase 
4761711-




4763431     
644_04825_hypothetical_protein 
4764107-
4765063     
644_04826_DNA_primase_TraC 
4765196-
4767529     
644_04827_hypothetical_protein 
4767543-
4767866     
644_04828_hypothetical_protein 
4767866-




















4771410     
644_04834_hypothetical_protein 
4771820-
4772836     
644_04835_hypothetical_protein 
4772386-
4772976     
644_04836_hypothetical_protein 
4773007-
4773639     
644_04837_hypothetical_protein 
4773632-
4774090     
644_04838_hypothetical_protein 
4774090-
4774707     
644_04839_hypothetical_protein 
4774680-






4776281     
644_04841_IS2_transposase_TnpB 
4776849-




4777987     
644_04843_hypothetical_protein 
4778811-
4779584     
 
Table 7.3 Table showing the 114 genes highlighted by the TraDIS selections as 
being involved in bacteriophage infection. The table shows the gene locus name, 
the COG group that it has been assigned to, the annotation of that gene and the 
Log fold change compared to the control in number of insertions that was 
observed after bacteriophage selection. 




























































































































































































































































































































AMINO ACID TRANSPORT 
AND METABOLISM 
Glycine cleavage 





































































































































































usher protein yehB 
3.09643758
9 





























































































































































































































































































































































































































































Adenylate cyclase 2.06611786 
Ecoli9000q_196
90 

















Ecoli9000q_860 MOBILOME: PROPHAGES, 
TRANSPOSONS 














Table 7.4 Table showing the 44 genes highlighted by the TraDIS selections to be 
involved in bacteriophage resistance. The table shows the gene locus name, the 
COG group that it has been assigned to, the annotation of that gene and the Log 
fold change compared to the control in number of insertions that was observed 
after bacteriophage selection. 




























































































































































































































NO COG HIT Exodeoxyribonuclease 












































TRANSCRIPTION Protein yebR -2.6647867 
Ecoli9000q_452
20 
DEFENSE MECHANISMS lipoprotein yajI -2.5525341 
Ecoli9000q_122
10 
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Short-term evolution of Shiga toxin-producing Escherichia
coli O157:H7 between two food-borne outbreaks
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Shiga toxin-producing Escherichia coli (STEC) O157:H7 is a public health threat and outbreaks occur worldwide. Here, we
investigate genomic differences between related STEC O157:H7 that caused two outbreaks, eight weeks apart, at the
same restaurant. Short-read genome sequencing divided the outbreak strains into two sub-clusters separated by only three
single-nucleotide polymorphisms in the core genome while traditional typing identified them as separate phage types, PT8
and PT54. Isolates did not cluster with local strains but with those associated with foreign travel to the Middle East/North
Africa. Combined long-read sequencing approaches and optical mapping revealed that the two outbreak strains had under-
gone significant microevolution in the accessory genome with prophage gain, loss and recombination. In addition, the PT54
sub-type had acquired a 240 kbp multi-drug resistance (MDR) IncHI2 plasmid responsible for the phage type switch. A
PT54 isolate had a general fitness advantage over a PT8 isolate in rich medium, including an increased capacity to use spe-
cific amino acids and dipeptides as a nitrogen source. The second outbreak was considerably larger and there were multiple
secondary cases indicative of effective human-to-human transmission. We speculate that MDR plasmid acquisition and pro-
phage changes have adapted the PT54 strain for human infection and transmission. Our study shows the added insights
provided by combining whole-genome sequencing approaches for outbreak investigations.
Keywords: Escherichia coli; Bioinformatics; Evolution; Prophage; Recombination.
Abbreviations: PT, phage type; TP, typing phage; STEC, shiga toxin-producing Escherichia coli; SNP, single-nucleotide
polymorphism; WGS, whole-genome sequencing.
Data statement: All supporting data, code and protocols have been provided within the article or through supplementary data
files.
Data Summary
1. Short read FASTQ sequences have been deposited in
the NCBI Short Read Archive under the BioProject
PRJNA248042 (http://www.ncbi.nlm.nih.gov/biopro-
ject/248042).
2. Long read FASTA files are deposited in NCBI Genbank
under accessions CP015831 (644-PT8 chromosome)
(http://www.ncbi.nlm.nih.gov/nuccore/Cp015831),
CP015832 (180-PT54 chromosome) (http://www.ncbi.
nlm.nih.gov/nuccore/CP015832) and CP015833(180-Received 9 June 2016; Accepted 08 August 2016
ã 2016 The Authors . Published by Microbiology Society 1
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Shiga toxin-producing E. coli (STEC) serogroup O157:H7
can cause severe bloody diarrhoea and haemolytic uraemic
syndrome and has been a significant public health threat
since it emerged in 1982 (Pennington, 2010). Several key
virulence factors contribute to pathogenicity; these include
the production of Shiga toxin (Stx) and expression of a type
three secretion system (Law, 2000). STEC O157:H7 is a
globally disseminated pathogen and emerged approximately
120 years ago ( Dallman et al., 2015a).
STEC O157:H7 is a zoonotic pathogen and transmission is
commonly associated with direct or indirect contact with
animals, especially ruminants, their environment, or the
consumption of contaminated food or water. Foodborne
outbreaks have been linked to fast-food outlets and restau-
rants (Bell et al., 1994). Historically, outbreaks were
detected and investigated by comparing phage type, pulsed-
field gel electrophoresis patterns or multilocus variable
number tandem repeat analysis (MLVA) (Byrne et al.,
2014). Phage typing has been used for surveillance and out-
break investigations at the Gastrointestinal Bacteria Refer-
ence Unit (GBRU) in the United Kingdom since 1992
(Khakhria et al., 1990) and provides a low-cost and rapid
test to broadly discriminate between strains. More recently,
whole-genome sequencing (WGS) has been used to facili-
tate STEC O157:H7 outbreak investigations, and strains
exhibiting less than five single-nucleotide polymorphisms
(SNPs) in the core genome are likely to be temporally linked
and share a common source (Dallman et al., 2015b). High-
resolution genome-based methods have been use to track
human infections phylogenetically (Eppinger et al., 2011;
Jenkins et al., 2015).
The sequencing of the Sakai and EDL933 genomes (Hayashi
et al., 2001; Latif et al., 2014) showed that both genomes
contained an array of integrated prophages with variation of
the prophage content between the two strains. Prophages
containing the Shiga toxin-encoding genes (stx) are known
to exhibit variation between STEC O157 strains (Allison,
2007; Eppinger et al., 2011; Herold et al., 2004; Ogura et al.,
2015). Little is known however about the short-term micro-
evolution of STEC O157:H7 genomes, for example during
outbreaks. In part, this is due to difficulties with the assem-
bly of repetitive and paralogous features of prophages when
using short-read sequencing caused by multiple assignment
in the genomes when reads do not span repeated paralogous
prophage genes. Long-read sequencing technologies, such
as PacBio or MinION, have been shown to achieve
improved de novo assemblies that facilitate more accurate
characterization of the accessory genome (Cooper et al.,
2014; Latif et al., 2014) including prophage regions (Asadul-
ghani et al., 2009).
This study describes a public health investigation of two
related outbreaks of STEC O157:H7 associated with the same
food outlet in 2012 for which an outbreak report has recently
been released (http://www.publichealth.hscni.net/publica-
tions/report-outbreak-control-team-investigations-outbreak-
e-coli-o157-associated-flicks-rest). In August 2012, four cases
of STEC O157:H7 phage type (PT) 8 were epidemiologically-
linked to the consumption of food at this restaurant. Eight
weeks later, in October 2012, over 140 confirmed cases (and
>160 unconfirmed cases) of STEC O157:H7 PT54 were also
linked to the same restaurant, with 15 confirmed cases
being the result of secondary transmission. MLVA profiles
from both incidents indicated that the August and October
outbreaks were caused by the same strain despite the phage
typing difference. Both short- and long-read sequencing was
used to characterize the micro-evolutionary events that
occurred in the core and accessory genome between the first
(PT8) and the second (PT54) clusters of cases. Our research
focused on isolate variation between the two related outbreaks
in order to try and understand the much larger scale of the
second (PT54) outbreak. The work has facilitated significant
insights into short-term changes that can occur in the STEC
O157:H7 genome associated with human infection and pro-
vides important lessons for outbreak investigations involving
this zoonotic pathogen.
Methods
PT and MLVA analysis. All 145 cultures, received at the
reference laboratory, from cases linked to both the August
and October clusters were typed by phage typing and
MLVA (Byrne et al., 2014; Khakhria et al., 1990). The
MLVA profiles for the outbreak strains isolated in August
and October were mostly 5-8-12-4-5-2-8-3. However, the
profile sshowed a high degree of variation at VNTR locus #3
but all isolates were a single-locus variant (SLV) of each
other. Isolates that have the same MLVA profile or SLV of
that profile are regarded as microbiologically linked (Byrne
Impact Statement
In this article, we explore the changes in the genome of
a strain of STEC O157:H7 that caused two food-borne
outbreaks associated with the same restaurant that were
only 8 weeks apart. Utilising sequence data from three
different sequencing platforms we provide evidence of
short-term evolution between strains isolated in the two
outbreaks. This included multi-drug resistance plasmid
acquisition and phage content variation, including
duplication, that has occurred since the outbreak iso-
lates diverged from a common ancestor over an esti-
mated 1-year period. Based on growth and competitive
index assays, we speculate that the genomic changes
may account for the higher number of cases associated
with the second outbreak. This work has highlighted the
value of combining different sequencing and in vitro
approaches to assist investigations into the epidemiol-
ogy of outbreaks.
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et al., 2014). MVLA analysis had revealed that isolates from
both the PT54 and PT8 outbreaks clustered together and
that, despite their different PTs, the two occurrences of
STEC O157:H7 at the food outlet were likely to be associ-
ated with very closely related strains.
Illumina sequencing and core SNP analysis. As part of
the outbreak investigation 89 isolates were selected for
WGS, including four from the August PT8 cluster and 53
from the PT54 cluster in October and 30 isolates of STEC
O157:H7 from temporally and geographically related spo-
radic cases isolated between June and November 2012.
Genomic DNA was fragmented and tagged for multiplexing
with Nextera XT DNA Sample Preparation Kits (Illumina)
and sequenced at the Animal Laboratories and Plant Health
Agency using the Illumina GAII platform with 2!150 bp
reads. Short reads were quality trimmed (Bolger et al., 2014)
and mapped to the reference STEC O157 strain Sakai (Gen-
bank accession BA000007) using BWA-SW (Li & Durbin,
2009). The sequence alignment map output from BWA was
sorted and indexed to produce a binary alignment map
(BAM) using Samtools (Li & Durbin, 2009). GATK2
(McKenna et al., 2010) was used to create a variant call for-
mat (VCF) file from each of the BAMs, which were further
parsed to extract only SNP positions which were of high
quality [mapping quality (MQ)>30, depth (DP)>10, geno-
type quality (GQ)>30, variant ratio >0.9]. Pseudosequences
of polymorphic positions were used to reconstruct maxi-
mum-likelihood trees using RaxML (Stamatakis, 2014).
Pair-wise SNP distances between each pseudosequence were
calculated. Spades version 2.5.1 (Bankevich et al., 2012) was
run using careful mode with kmer sizes 21, 33, 55 and 77 to
produce de novo assemblies of the sequenced paired-end
fastq files. FASTQ sequences were deposited in the NCBI
Short Read Archive under the BioProject PRJNA248042.
PacBio sequencing. One isolate of STEC O157 PT8 (ref
644-PT8) and one belonging to PT54 (ref 180-PT54) were
selected. High-molecular-weight DNA was extracted using
Qiagen Genomic-tip 100/G columns and a modification of
the protocol previously described by Clawson et al. (2009).
Samples (10 mg) of DNA was sheared to a targeted size of
20 kb using a g-TUBE (Corvaris) and concentrated using
0.45!volume of AMPure PB magnetic beads (Pacific Bio-
sciences) following the manufacture’s protocol. Sequencing
libraries were created using 5 mg of sheared DNA and the
PacBio DNA SMRTbell Template Prep Kit 1.0 and frag-
ments 10 kb or larger selected using a BluePippin (Sage Sci-
ence) with the smrtbell 15–20 kb setting. The library was
bound with polymerase P5 followed by sequencing on a RS
II sequencing platform (Pacific Biosciences) with chemistry
C3 and the 120 min data collection protocol.
A fastq file was generated from the sequencing reads using
SMRTanalysis and error-corrected reads were created using
PBcR with self-correction (Koren et al., 2013). The longest
20! coverage of the corrected reads were assembled with Cel-
era Assembler 8.1. The resulting contigs were polished using
Quiver (Chin et al., 2013) and annoted using PROKKA (See-
mann, 2014). The annotated genome sequence was imported
into Geneious (Biomatters) and duplicated sequence removed
from the 5¢ and 3¢ ends to generate the circularized chromo-
some. The origin of replication was approximated using Ori-
Finder (Luo et al., 2014) and the chromosome reoriented
using the origin as base 1. PacBio sequenced strain 180-PT54
is available under accession numbers CP015832 for the chro-
mosome and CP015833 for the plasmid.
MinION sequencing. DNA from 644-PT8 was extracted
using the STRATEC molecular invisorb spin minikit and
diluted to a concentration of 1 mg of genomic DNA in 50 ml
of water. The MinION library was prepared using the SQK-
MAP006 genomic sequencing kit according to the manufac-
turer’s instructions and sequencing was performed on a
Mk1 MinION with a Mk1 flow cell.
Approximately 76 000 reads were produced and 26-fold
passing 2D coverage of the genome was achieved. The long-
read assembly program Canu version 1.1 (Koren et al.,
2013) was used to assemble the long reads and two chromo-
somal contigs were produced. The assembly of 644-PT8
showed greater concordance with the synteny of 180-PT54
than the assembly of the PacBio sequencing had produced,
but was still not resolved in a similar region.
OpGen mapping for the isolate was obtained from a com-
mercial provider. 644-PT8 was rotated using OriFinder to
have the same point of origin as isolate 180-PT54 for com-
parison. The genome was then annotated using PROKKA
(Seemann, 2014). MinION sequenced strain 644-PT8 is
available under the accession number CP015831.
Analysis of the accessory genome using long-read
sequences. The two annotated chromosome assemblies
were analysed in PHAST (Zhou et al., 2011) which identifies
complete and incomplete prophage regions and their con-
stituent genes.
The gene annotations and their sequences for each strain
were compared with each other with blastn (Altschul et al.,
1990). Unique genes were extracted from the results if they
had no match at greater than 70 % nucleotide identity and
overlap to any of the annotated genes in the other strain
using a reciprocal blast approach. Roary (Page et al., 2015)
was used to confirm whether the identified genes were rep-
resentative of the rest of the outbreak, i.e. that PT54-specific
genes were missing from all PT8 isolates and PT8-specific
genes were missing from all PT54 isolates.
NUCMER (Kurtz et al., 2004) was used to align the two
assemblies and to identify SNPs, 23 012 ambiguous alignment
SNPs were excluded. These SNPs were confirmed by aligning
the Illumina-sequenced contigs also to confirm that the SNPs
were found with both short -and long-read techonologies.
Gene annotations were extracted from the genbank file and
resistance annotations were manually analysed for differen-
ces between the two strains. Plasmid differences were
http://mgen.microbiologyresearch.org 3
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visualised in Mauve (Darling et al., 2010). The plasmid from
isolate 180-PT54 was graphically visualised using BRIG
(Alikhan et al., 2011) and compared with other IncHI2 plas-
mid sequences found in Genbank that were highly similar
by blast at >98 % identity and >60 % coverage (accession
numbers KM877269.1, JN983042.1, BX664015.1,
DQ517526.1, EF382672.1, LN794248.1, LK056646.1,
EU855787.1, KP975077.1, EU855788.1, CP011601.1,
CP008906.1, CP008825.1, CP012170.1 and CP006056.1).
Plasmid conjugation. Nalidixic-acid-resistant (NalR) colo-
nies of 644-PT8 were isolated from overnight cultures on
LB-agar with 20 mg nalidixic acid ml!1. Conjugation was
performed on LB-agar by co-streaking donor 180-PT54 and
recipient spontaneous NalR of 644-PT8. Co-streaked
growth was harvested in phosphate-buffered saline then
plated onto LB-agar with 20 mg nalidixic acid ml!1 and 10
mg chloramphenicol ml!1. Resistant colonies were purified
by streaking onto fresh plates of 20 mg nalidixic acid ml!1
and 10 mg chloramphenicol ml!1.
Acid-resistance assays. Acid-resistance assays were per-
formed as described previously (Castanie-Cornet et al.,
1999). Briefly, cells were cultured overnight in either LBG
[Luria-Bertani (LB) broth + 0.4 % glucose], LB buffered
with 100 mM morpholinepropanesulfonic acid (MOPS
pH8) or LB buffered with 100 mM morpholineethanesul-
fonic acid (MES pH 5.5). Overnight (22 h) stationary-phase
cultures were diluted 1:1000 into pre-warmed minimal E
glucose (EG) media, pH 2.5. The glutamate- and arginine-
dependent systems were tested by growing cells overnight in
LBG and diluting cultures into EG (pH 2.5) supplemented
with either 1.5 mM glutamate or 0.6 mM arginine, respec-
tively. The glucose-repressed system was tested by growing
cells overnight in LB-MES pH 5.5 followed by dilution in
EG pH 2.5. Overnight cultures grown in either LB-MOPS
(pH 8) or LBG followed by dilution in unsupplemented EG
were used as acid-sensitive controls for the glucose-
repressed and glutamate- or arginine-dependent AR sys-
tems, respectively. Viable cells were enumerated at t=0 and
t=4 h and used to calculate percentage survival.
Fitness assays. Fitness of 180-PT54 relative to 644-PT8
was calculated as described previously (Lenski, 1991). Via-
ble-cell counts for each competing strain were determined
at time zero (t=0) and again after 24 h of co-culturing by
selective plating. Fitness was calculated using the formula:
Fitness index (f.i.) = LN (Ni (1)/ Ni (0)) / LN (Nj (1)/ Nj
(0)),
Where Ni (0) and Ni (1) = initial and final colony counts of
strain 180-PT54, respectively and
Nj (0) and Nj (1) = initial and final colony counts of strain
644-PT8, respectively (Lenski, 1991).
Biolog phenotyping microarray. A single isolated Shiga
toxin-containing Escherichia coli O157:H7 colony was
grown on BUG+B agar overnight at 33 "C. A sterile swab
was used to transfer cells from the plate into inoculating
fluid 0 (IF-0) to a turbidity of 43 % T (transmittance) and
addition IF-0 with dye was to a final cell density of 85 % T.
For phenotyping microarray (PM) plates 1 and 2 (Biolog),
100 ml per well was added. PM plates 3, 4, 6, 7 and 8 were
supplemented with 20 mM sodium succinate and 2 mM fer-
ric citrate before 100 ml was added to each well (Bochner
et al., 2001). All plates were incubated at 33 "C for 48 h
using the Omnilog II Combo System (Biolog). The output
data from the Omnilog was imported into the opm package
in R for analysis (Vaas et al., 2013).
Results
Short-read sequencing analysis demonstrates
that the outbreak strains are closely related and
were not endemic
Analysis of Illumina sequences indicated that all four iso-
lates from the August PT8 outbreak had identical core
genome sequences. There were three SNP differences in the
core genome between the PT8 isolates from August and the
PT54 isolates from October. The maximum distance
between isolates within the October PT54 cluster was four
SNPs, including acquisition of a maximum of two SNPs
from a common haplotype. Previous temporal analysis of
STEC WGS data predicts a mutation rate of approxi-
mately 2.5 SNPs per year, therefore it was likely their last
common ancestor was very recent (approximately 1 year)
but prior to the occurrence of the two public health inci-
dents (Dallman et al., 2015a). The phylogeny of the out-
break isolates indicated that the PT54 cluster did not
directly evolve from the PT8 cluster but instead that they
share a very recent common ancestor. Furthermore, it was
evident that the PT8 and PT54 strains were closely related
to each other but genetically distinct from strains of STEC
O157:H7 circulating in the local population (Figs 1 and 2).
Strains held in the Public Health England (PHE) STEC
O157 WGS database that clustered most closely with the
outbreak strains were associated with foreign travel to Egypt
and Israel (Fig. 2). Although the precise source was never
identified by the investigation that followed it was likely that
the strains were imported in contaminated food with the
larger outbreak possibly exacerbated by an infected or
colonised food handler in the restaurant.
Prophage variation identified between specific
PT8 and PT54 isolates based on combined long-
read sequencing approaches
PacBio sequencing enabled assemblies of the genome of
180-PT54 into one contig and the genome of 644-PT8 into
two contigs. Difficulties with the assembly of 644-PT8 were
a result of the reorganized synteny of the genome compared
with the closely related PT54 isolate. From comparison of
the MinION assembly and the OpGen map, it was clear that
the disrupted assembly was caused by a 200 kbp inverted
repeat in the genome that constituted the second smaller
4 Microbial Genomics
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contig in the assembly. The contig was inserted twice into
the larger contig aligning with the NCoI sites found in the
OpGen map (Fig. S1, available in the online Supplementary
Material). The combination of the MinION sequencing
assembly and the OpGen map enabled us to construct a sin-
gle contig of 5.8 Mb for the isolate that included the
200 kbp repeat.
A set of 14 prophage regions was shared between the repre-
sentative isolates of the PT8 and PT54 clusters. In addition
to the 14 shared prophage regions, 180-PT54 had gained
one prophage region of 24 874 bp located at 2 281 433–2
306 307 bp and 644-PT8 had acquired one prophage region
of 20 818 bp located at 4 773 172–4 793 990 bp. However,
the subsequent Roary analysis showed that the PT8 unique
prophage was not missing from all the PT54 outbreak iso-
lates so was not specific to the PT8 outbreak. The 180-PT54
unique prophage was likely to be specific to the PT54 out-
break as it was missing from all the PT8 isolates. In addi-
tion, the genome of 644-PT8 had three repeated prophages
within the 200 kbp inverted repeat. Two shared prophage
regions, designated P7 and P8 were similar prophages that
showed variation between the two representative isolates,
indicative of recombination that had contributed to the
inverted repeat (Fig. S2). The prophage changes between
long-read sequenced isolate 644-PT8 and 180-PT54 are
detailed in Fig. 3 and those changes that are representative
of the rest of that PT sub-cluster are indicated by asterisks.
All the unique gene differences within the chromosome of
each representative strain are listed in Table S1. Those that
were confirmed by Roary to be representative of the rest of
that PT outbreak are highlighted in bold type. The genes
that vary between 180-PT54 and 644-PT8 are detailed in
0.003
Fig. 1. Maximum-likelihood phylogenetic tree of STEC O157 strains selected for various PTs in PHE database associated with domesti-
cally acquired infection and travel-related cases. SNPs called on core genome via a mapping technique against the reference strain Sakai.
Outbreak strains are indicated in blue and local background strains in the region where the outbreak occurred are in red.
http://mgen.microbiologyresearch.org 5
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Fig. 3. 644-PT8 had 82 unique genes on the chromosome,
79 of which were prophage-associated but the Roary analy-
sis showed that these changes were only present in a subset
of the PT54 isolates and not all members of the rest of the
PT54 outbreak. 180-PT54 had 30 unique genes, 25 of which
were prophage-associated and these were found to be miss-
ing from all the other PT8 isolates in the outbreak and
therefore were representative of the PT54 outbreak.
Whole-genome alignment using NUCMER identified 29
SNPs between the two isolates (644-PT8 and 180-PT54) in
fully aligned regions. The SNP locations and base changes are
detailed in Table 1 and have been confirmed in the Illumina
data. This was higher than the three SNPs identified between
the ‘core’ genomes based on the short-read sequencing but 26
of these SNPs were found in the P7 and P8 shared prophage
regions. These prophage regions would not have been shared
with Sakai so would not have been called in the original core
genome SNP-calling from the Illumina data.
Plasmid acquisition by 180-PT54
Both strains harboured pO157, the O157 virulence plasmid
present in nearly all strains of STEC O157:H7 (Lim et al.,
2010). However, isolate 180-PT54 acquired an additional
approximately 220 genes introduced on an IncHI2 plasmid
(Johnson et al., 2006) not present in 644-PT8. While both
180-PT54 and 644-PT8 exhibited tellurite and tetracycline
resistance, 180-PT54 was also resistant to chloramphenicol
and streptomycin and this matched with resistance genes
located on the IncHI2 plasmid. The IncHI2 plasmid was
predicted to encode at least six membrane proteins, a drug
efflux pump, other resistance mechanisms including addi-
tional tellurite resistance and protection from exposure to
heavy metal ions (mercury). It also encoded at least two
DNA methylases (Fig. 4). Relatedness depicted in a BRIG
plot (Fig. 4) demonstrates the high similarity with other
IncHI2 plasmids that have been detected in clinical isolates
worldwide (Chen et al., 2007; Feasey et al., 2014; Gilmour
et al., 2004; Kariuki et al., 2015; Li et al., 2013).
Phage type transition is associated with plasmid
acquisition
It was suggested that the IncHI2 plasmid may be responsible
for the difference in PT observed between the two outbreak
clusters in August and October. To test this, the IncHI2 plas-
mid was conjugated into 644-PT8 and the conjugant was then
phage typed. Acquisition of the plasmid, as defined by inheri-
tance of chloramphenicol resistance, converted 644-PT8 to
PT54. Antibiotic resistance and replicon type profiling using
the Illumina Roary data demonstrated that the plasmid-asso-
ciated resistance was present in all the PT54 isolates in this
study and that they all carried the IncHI2 plasmid associated
with the PT transition. Analysis of the genes present on the
plasmid (Fig. 4) shows a number of determinants that could






Fig. 2. Maximum-likelihood phylogenetic tree of outbreak strains and most closely related strains in the PHE database that are associated
with foreign travel to Egypt and Israel. The blue branches represent strains that are associated with travel to Egypt and Israel, the pink
branches represent the original PT8 outbreak and the red branches represent the later PT54 outbreak.
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tellurite resistance (Whelan et al., 1997). While both 644-PT8
and 180-PT54 have chromosomally-encoded tellurite resis-
tance, specifically terW, only 180-PT54 have terY and terX as
these are present on the IncHI2 plasmid. Methylase-modifica-
tion genes encoded on the plasmid are also potential candi-
dates to confer resistance to specific bacteriophages (Labrie
et al., 2010).
Increased fitness of the PT54 strain associated
with the larger second outbreak
Acquisition of IncHI2 plasmids commonly confers phage,
antibiotic and heavy metal resistance, thus increasing bacterial
fitness under certain environmental conditions (Fang et al.,
2016; Whelan et al., 1995). Conversely an increased metabolic
burden imposed by the 200 kbp inversion during DNA repli-
cation in strain 644-PT8 is likely to reduce fitness. To assess
any differences in fitness, strains 644-PT8 and 180-PT54 were
competed by co-culturing in LB-broth at 37 !C and 25 !C.
Under both conditions 180-PT54 significantly outcompeted
644-PT8 (fitness index=1.28 and 1.23, respectively). Fitness
was therefore independent of culture temperature. Subse-
quently Biolog phenotypic microarrays were performed to
determine the nature of the observed fitness increase. Similar
growth was observed for both strains for the majority of car-
bon, phosphorus and sulphur sources tested (data not shown)
however growth of 180-PT54 was increased for multiple
nitrogen sources, including certain amino acids and dipepti-
des (Fig. S3). This is in agreement with the observed increased
fitness of 180-PT54 when cultured in LB-broth in which
amino acids/short peptides are the primary carbon and nitro-
gen sources. In addition, growth of 180-PT54 was better than
that of 644-PT8 when ammonia was the sole nitrogen source
(Fig. S3). Of the multiple di- and tri-peptide nitrogen sources
on which 180-PT54 grew better than 644-PT8 many con-
tained arginine or glutamate. E. coli possesses three acid-resis-
tance systems (AR) of which two are dependent on arginine
and glutamate, respectively (Richard & Foster, 2003). We
therefore tested if AR was altered in 180-PT54 by the increased
metabolism of arginine and glutamate relative to 644-PT8.
For each AR system (glucose-repressed, arginine- and gluta-
mate-dependent) strain 644-PT8 was significantly more resis-
tant to acid shock when either pre-adapted in LB pH 5.5 or
supplied with exogenous Arg or Glu (Table 2). Without pre-
adaptation however strain 180-PT54 was more acid-resistant
than 644-PT8 (P=0.035).
Discussion
Phylogeny techniques based on ‘core genome’ sequence
analyses have been transformative for epidemiological inves-
tigations and also provide an assessment of evolutionary
relationships between strains (Holt et al., 2012; Quick et al.,
















Fig. 3. Schematic diagram representing accessory genome variation between the two long-read-sequenced outbreak isolates (180-PT54
and 644-PT8). Blue rectangles represent shared prophage regions, the orange rectangle represents a unique 180-PT54 prophage region
and green rectangles represent unique 644-PT8 prophage regions. Orange triangles represent locations and number of unique genes for
180-PT54. The inverted repeat region is indicated by a blue line above the repeated prophage blocks. The unique plasmid in the PT54 out-
break is represented by the orange circle. Those changes that have been confirmed to be representative of all the other members of that
PT sub-cluster by Roary analysis have an asterisk next to them.
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outbreaks of STEC O157:H7 from the same restaurant. Ini-
tially, MLVA and phage typing results were contradictory as
MLVA indicated that the outbreaks were caused by the
same strain although the phage types were distinct. The
relatedness of the PT8 and PT54 strains was confirmed by
short-read sequencing which defined three SNP differences
in the core genome between the two groups of strains indi-
cating that they share a very recent common ancestor
(approximately 1 year). Switching of PT within a sublineage
has been observed previously (Dallman et al., 2015b) but
this is some of the first, to our knowledge, documented evi-
dence of PT conversion within two closely related outbreaks
and the mechanisms behind that.
In this study, the application of PacBio and MinION
sequencing, as well as OpGen mapping, enabled us to
obtain single-contig assemblies of two isolates associated
with the two outbreaks at the restaurant, one belonging to
PT8 and one belonging to PT54. These assemblies clearly
showed the high prophage carriage in these isolates, which
is typical of STEC O157:H7 with approximately 12–14 %
of the genome made up of highly paralogous phage genes
(Fig. S2). Analysis of the genomes from the long-read
sequencing showed that there had been a shift in prophage
composition between the two outbreak groups. There was
gain and loss of prophage while two of the shared pro-
phage regions had undergone recent recombination. Fur-
thermore, isolate 644-PT8 had a repeat of three of the
shared prophage regions in a 200 kbp inverted region.
There is significant, apparent functional redundancy across
the different prophages. This is in agreement with earlier
research from Hayashi and colleagues that showed a
diverse bacteriophage complement produced from a single
strain including recombination between prophage loci
(Asadulghani et al., 2009).
Isolate 180-PT54 assembled into three contigs; the chromo-
some, the F-like pO157 and an IncHI2 plasmid. The IncHI2
plasmid was large (240 kbp) and predicted to encode about
220 genes. This plasmid was not present in 644-PT8. IncHI2
plasmids are commonly associated with the spread of
extended-spectrum b-lactam resistance (ESBL) genes, heavy
metal resistance and phage resistance (Whelan et al., 1995;
Fang et al., 2016). We identified several antibiotic and envi-
ronmental resistance genes potentially conferring resistance
to chloramphenicol, streptomycin, tellurite, tetracycline and
certain heavy metal ions encoded on the incHI2 plasmid
acquired by 180-PT54 (Fig. 4). The resistance loci facilitated
conjugation of the plasmid into 644-PT8, leading to the
recipient strain phage typing as PT54. Conversion of PT8 to
PT54 is caused by the acquisition of resistance to the group
3 typing phages (TP4, TP5 and TP14) (Cowley et al., 2015).
There is a previous report that an IncHI2 plasmid can con-
fer bacteriophage resistance (Whelan et al., 1997) therefore
adding to the possible survival advantage conferred on
strains that acquire this plasmid. A BLAST search revealed
that highly similar IncHI2 plasmids have been described in
several different organisms from around the world (Fig. 4),
including Taiwan, China, Kenya, Malawi and the USA.
Identification of incHI2 plasmids in E. coli however is rare
(Fang et al., 2016; Losada et al., 2016). The acquisition of
this plasmid is therefore likely to increase the survival capac-
ity of the strain under certain stressful environmental
conditions.
In addition to antibiotic and phage resistance, we demon-
strated that 180-PT54 was significantly fitter than 644-PT8
under a defined set of growth conditions. The genetic dif-
ferences identified in 180-PT54, that include plasmid
acquisition, resulted in a fundamental alteration in central
nitrogen metabolism that enhanced growth compared with
644-PT8. In accordance with the trade-off between self-
preservation and nutritional competency (SPANC) the
increased growth of 180-PT54 also resulted in decreased
acid resistance, at least under priming conditions (Ferenci,
Table 1. Table listing the positions and base changes of all
the SNPs found between the PT8 strain and the PT54 strain
in a whole-genome alignment using the program NUCMER
The SNPs identified by the previous phylogenetic analysis using Illu-
mina data are highlighted in bold and italicized type, the third SNP
identified by the phylogenetic analysis is within a repeat region so
was excluded as ambiguous alignment by the program NUCMER. All
other identified SNPSs, not in bold, are part of the mobilome.
PT54 position PT54 base PT8 base PT8 position
1975308 G C 1974495
2681706 C A 3282472
2681715 T C 3282463
2681722 T C 3282456
2681730 T G 3282448
2681757 T G 3282421
2681766 G T 3282412
2681775 A G 3282403
2681784 C T 3282394
2681788 G A 3282390
2681796 T C 3282382
2681823 G A 3282355
2681833 G A 3282345
2681835 C T 3282343
2681844 A G 3282334
2681847 G A 3282331
2681865 G A 3282313
2681973 C T 3282205
2681976 C G 3282202
2681977 T C 3282201
2681979 T A 3282199
2681981 A C 3282197
2681982 C A 3282196
2681985 C A 3282193
2833323 A C 3027880
2894348 A G 3088905
3048043 C A 3242600
3048059 C A 3242616
3048069 G A 3242626
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2005). The public health investigation of the outbreaks
included sampling of employees who worked at the restau-
rant. Two members of staff were shown to be colonized
with the PT54 strain during the outbreak and an analysis
identified a significant association with one of these
employees and the infection risk (http://www.publichealth.
hscni.net/publications/report-outbreak-control-team-inves-
tigations-outbreak-e-coli-o157-associated-flicks-rest), al-
though it is not known if this individual could have
actually accounted for the second outbreak. Based on this
and the altered genotype and phenotype of the PT54 strain,
we speculate that it may be more adapted for human colo-
nization than the original PT8 strain and that this capacity
may be linked to the much higher number of cases associ-
ated with the second outbreak. These included multiple
examples of human-to-human transmission. STEC O157:
H7 strains are usually associated with ruminant hosts and
presumably human colonization could lead to adaptive
changes that promote survival, such as plasmid acquisition
and prophage variation. Sequencing of human cases in the
UK has identified a subset of imported strains that are
Fig. 4. BRIG plot of the approximately 240 kbp IncHI2 plasmid found in 180-PT54 as the central reference showing genomic similarity
between it and other IncHI2 plasmids found in Genbank from various species of bacteria. Annotations are shown in red on the outermost
ring. The darker the colour the greater the level of genomic similarity between the 180-PT54 IncHI2 plasmid and the plasmid found in a dif-
ferent organism. The plasmids are indicated by the colours labelled vertically at the right hand side of the figure.
Table 2. Table describing the results of the acid-resistance
assays performed on strains 644-PT8 and 180-PT54 to






LB pH8 EG 0.811582004 0.187176
LB pH 5.5 EG 4.09726344 38.78565
LBG EG 14.77276286 7.230324
EG+Glu 21.71965529 52.69993
EG+Arg 37.2807674 70.11365
*Strains were adapted by overnight culturing in either LB pH 5.5 or
LBG before diluting 1:1000 in EG pH 2.5 or supplemented EG. †The
percentage survival was determined after 4 h of acid challenge. The
mean percentage survival of six replicates (n=6) is shown for EG
challenge and three replicates (n=3) for EG supplemented with either
glutamate (1.5 mM) or arginine (0.6 mM).
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acquired during travel abroad or brought in by colonised
foreign visitors (Dallman et al., 2015a). These strains are
significantly more likely to contain plasmids encoding anti-
biotic resistance and there is a concern that acquisition of
such elements may adapt strains to enable transmission
and/or persistence in the human population, which would
be a serious public health concern. However, we do
acknowledge that there are other possible reasons why a
greater number of cases were associated with the second
outbreak; these include the possibility of different contami-
nated products in the second outbreak or increased aware-
ness that might introduce a bias in recorded cases.
This outbreak investigation illustrated the power of both
short- and long-read sequencing technologies to investigate
and understand foodborne outbreaks. The evolutionary
context illustrated by the short-read WGS data revealed the
true genetic relationship between the strains from the
August and October clusters and provided evidence of the
geographical origin of the strains. The geographical signal
derived from WGS data will greatly facilitate outbreak inves-
tigation where imported food is implicated. The use of
long-read WGS data clearly demonstrated the dynamic
nature of the accessory genome in STEC O157:H7 and the
potential impact of horizontal gene transfer over a short
time frame. The long-read sequencing enabled us to identify
a plasmid that confers resistance to antibiotics and bacterio-
phages as well as other environmental stressors. The plas-
mid was shown to causes phage-type conversion in a strain
of STEC O157:H7.
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